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LABORATORY MASS PRODUCTION OF ANOPHELES FREEBORNI

SUMMARY

Mass rearing techniques were developed which will allow production of adequate
numbers of uniform age and size of Anopheles freeborni to support malaria vaccine
work. Colonies of several geographic strains were maintained by these techniques.
All of these colonized strains were equivalent to WRAIR's An. stephensi strain in
their ability to produce Plasmodium falciparum sporozoites. In addition to these
accomplishments which further define mass rearing techniques for anopheline species,
the data obtained from this research project provides valuable information on genetic
differences among field populations of An. freeborni and its sibling species An.
hermsi.

INTRODUCTION

The purpose of this project was to conduct investigations on mass production
techniques of An. freeborni to support the Walter Reed Army Institute of Research
(WRAIR) project on the development of a vaccine for human malaria. An extensive
amount of research has been conducted at the USDA Insects Affecting Man and
Animals Research Laboratory (IAMARL), Gainesville, Florida, on rearing technology
and genetics of two other anopheline vectors of malaria, An. albimanus and An.
quadrimaculatus. It was hoped that much of the technology already developed could
be adapted to mass rearing An. freeborni. Precise and controlled rearing metho-
dology would not only provide large numbers of mosquitoes, but might also reduce
variability (susceptibility to malaria, mosquito life span, development rate, etc.) to very
low levels, which would be consistent with the requirements for sporozoite production.

The research had two basic objectives: (1) Develop techniques for the production,

storage, and handling of eggs, larvae, pupae, and adults; and (2) develop geographic
strains and isogenic lines, and determine the difference in sporozoite production
potential. At WRAIR, the various strains were to be evaluated to determine their
ability to produce malaria sporozoites.

METHODS AND MATERIALS

A mosquito rearing room was established in the quarantine unit of the Florida
Division of Plant Industry in Gainesville. The room was equipped with a humidifier
and heating system to provide a constant temperature of 25-27°C and a relative H

humidity of 70-80%. A 12:12 light:dark (LD) cycle was maintained, and a timed 4-
watt night light was used to provide a 2-hour crepuscular period. Four metal racks,
each capable of holding 20 plastic rearing trays (51 x 38 x 8 cm), were housed in two
cabinets that had clear plastic sliding doors. The cabinets helped maintain constant
temperature conditions for the larvae, reduced evaporation of water from trays, and Codes

ud/or
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prevented access to the rearing trays by adult mosquitoes. Heat tapes ran the length
of each shelf of each rack. The tapes were connected to Zipcon 15 Proportional
Temperature Controllers which maintain the water in the trays at selected
temperatures. The rearing room was also equipped with a double sink, working
surfaces, and shelves for storing equipment and mosquito cages.

During the first year, our efforts were devoted to developing mass rearing techniques
for strains of An. freeborni that had been in colony for several years. Stocks were
obtained from: (1) WRAIR, Washington, D.C.; (2) Centers for Disease Control
(CDC), Atlanta, Georgia; and (3) University of California, Davis, California. We felt
that the development of mass rearing technology would be simplified if we started
with strains that had already been colonized, since problems involved with initial
colonization of the species would be avoided.

During the first year, hundreds of tests were conducted in which larval densities and
nutrition were varied before an acceptable diet was established. The WRAIR and
CDC stocks were discontinued because of propagation problems and difficulty in
obtaining additional supplies of eggs. The DAVIS strain which originated from a
colony established at the University of California, Davis, by Dr. R. K. Washino did
very well. This strain had been in colony for approximately two and one-half years
and was started from mosquitoes collected in Sutter and Yuba counties in the Sacra-
mento Valley. Eggs from this colony were received in September 1985. A second
strain (FCCA) was started from mosquitoes collected by Dr. D. Bailey ca. 80 km
north of Davis in September 1985.

By the end of the first year, we established mass rearing methods which were very
successful for the DAVIS strain (see Attachments I and II). Only minor modifications
were made to these rearing techniques in the second year. Emphasis during the
second year was shifted to obtaining additional geographic field strains of An.
freeborni. Collection trips were made to the northwest (Washington) and southwest
(Arizona, New Mexico, and Utah).

In April 1987, a considerable number of live adults were obtained from Benton
County, Washington. Initially this strain had to be force copulated in order to obtain
eggs. However, within a few generations this strain was maintained successfully with
no more care than that given to our established California strains. In June 1987, we
received mosquitoes from two additional locations in the Sacramento Valley. The
females were blood-fed, and they produced enough eggs to establish an F1 generation
of several thousand individuals.

The trips to Arizona, New Mexico, and Utah to locate additional strains of An.
freeborni produced mixed results. Natural populations were obtained from two sites
in Utah (Toole and Uintah Counties) with the assistance of Bob Brand, Glen Collett,
and Dr. Steve Romney. We were unsuccessful in finding natural populations in either
Arizona or New Mexico. Instead, these latter sites resulted only in the collection of
large populations of An. franciscanus. Medical entomologists at these latter sites
stated that for several years An. freeborni had been difficult to collect. Several Army
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Corps of Engineers projects had either eliminated or greatly modified the An.
freeborni habitats reported in the literature. Other sites which used to produce An.
freeborni larvae had been stocked with mosquito-eating fish. The fish populations
were doing quite well.

During the second year, as our various strains were colonized we began either hand
carrying or shipping specimens to WRAIR to determine the susceptibility of these
strains to Plasmodium falciparum. Their susceptibility was compared to that of An.
stephensi. A colony of the latter species was maintained at WRAIR. This activity
was continued through the third year of the grant. There were problems coordinating
the delivery of An. freeborni with the availability of the malaria parasite (see
Attachment III, correspondence and results of these trials).

During the third year genetic studies were emphasized. Gary Fritz, a graduate
student who used this project to obtain the data needed for his doctoral dissertation
(Attachment I), was sent to California for several months to make extensive col-
lections of natural populations. While in California, he also made collections in
Washington and Oregon. Three complementary approaches were used in his
investigation to study the population genetics of An. freeborni: enzyme
electrophoresis, cytogenetics, and hybridization between different populations. It was
hoped that these three methods would be useful in answering and elucidating the
following:

1. a measure of genetic polymorphism (polymorphic enzyme loci,
heterozygosity, inversion frequencies, and distributions) in natural
populations;

2. genetic distances between conspecific populations;

3. diagnostic enzyme loci for species and populations;

4. the presence of a sibling species complex;

5. insights into speciation, genetic-environmental correlations, and
phylogenetic relationships.

RESULTS

The detailed results can be found in the attachments. Dr. Fritz's dissertation is
divided into six chapters. The second chapter describes the techniques developed for
mass rearing An. freeborni. The last four chapters are devoted to cytogenetics,
hybridization, enzyme electrophoresis, and a general discussion. Succinctly stated, we
successfully developed a mass rearing technique for An. freeborni (Attachment II).
The rearing techniques developed make it possible to rear larvae at seven times the
densities previously possible and with almost half the development time. We were
able to use these techniques successfully to develop and maintain colonies of An.
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freeborni from field material that we collected from Utah, Washington, and several
locations in California.

Sufficient progeny of uniform age and size were produced for the sporozoite
production trials. Data from the sporozoite trials are not included in the dissertation,
but are found in Attachment III. Basically these data indicate that all of the strains
of An. freeborni were equally as successful as An. stephensi in their ability to transmit
P. falciparum malaria. What may not be obvious from the correspondence is that
often the An. freeborni that we delivered to WRAIR were NOT tested at the
optimum age. Complications with the malaria parasite culture often resulted in
several days delay in conducting the scheduled trials. This would result in older
specimens of An. freeborni being compared to An. stephensi of optimal age. In
addition, the An. freeborni were subjected to shipping stresses to which the An.
stephensi were not exposed. Despite these problems, An. freeborni performed as well
as An. stephensi.

There were some initial problems with some strains which we were able to resolve.
We found that the WRAIR strain was more temperature sensitive than the DAVIS
strain. Lowering the temperature of the water in the larval rearing trays 1-2°C
resolved our rearing problems with this species. The field-collected females from
Vernal, Utah (Uintah County), had already undergone gonotrophic dissociation at the
time of their capture and therefore would not lay eggs. The only resolution was to
collect additional material at the beginning of the next season.

For the genetics study, adults and larvae of An. freeborni were collected at 28 sites
throughout Washington, California, and Oregon. These sites included areas in the
Sacramento Valley, central portions of Washington and Oregon, the foothills of the
Sierra Nevada mountains, and one site near the Pacific coast. Polytene chromosome
preparations were made from the ovarian nurse cells of field-caught females in order
to record the number and frequency of polymorphic inversions and to identify possible
sibling species.

This was the first comprehensive study of the polytene chromosomes of wild
populations of An. freeborni over a broad geographic range of this species'
distribution. While this investigation was in progress, An. hermsi Barr and Guptavanij
was described (Barr and Guptavanij 1988) as a sibling species of An. freeborni.
According to the description of this new species, the only reliable way of
distinguishing these two species is by their polytene X chromosomes. They differ by
one simple inversion. Consequently, it became particularly important in this study to
identify the X chromosomes of individuals from all populations presumed to be An.
freeborni. The results of this cytogenetic survey of An. freeborni invalidated the use
of the X chromosome as a character to distinguish the two sibling species (see details
in Attachments I and IV).

No electrophoretic diagnostic loci were found that could distinguish An. hermsi from
An. freeborni. The only reliable means to separate these two sibling species was an
rDNA probe. Thus, it appears that populations of An. freeborni are of three
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different types with respect to the X chromosome: some are fixed for the inversion
homokaryotype, others are fixed for the standard homokaryotype, and some are
polymorphic.

CONCLUSIONS

The capacity to produce large numbers of mosquitoes efficiently is a pre-requisite for
a malaria vaccine development program which depends on parasite development in
live mosquitoes. With the methodology we developed, it is now possible to mass rear
An. freeborni efficiently. The number of larvae per tray is standardized by
volumetrically measuring eggs, water temperature is kept constant with heat tapes,
rearing trays do not need to be subdivided as larvae mature, high densities of larvae
can be maintained, and larvae are fed only once a day. Adults can be maintained on
defibrinated bovine blood, thus eliminating the need to keep live animals.
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Abstract of Dissertation Presented to the Graduate School
of the University of Florida in the Partial Fulfillment of
the requirements for the degree of Doctor of Philosophy

MASS REARING AND POPULATION GENETICS OF AOHL FREEBORNI

By

Gary N. Fritz

August 1989

Chairman: S. K. Narang, Ph.D.
Major Department: Entomology and Nematology

Techniques were developed for mass rearing Anopheles

freeborni. Eggs were incubated, dried, and volumetrically

dispensed into rearing trays. Water levels were kept low

and at 28" C. Larvae were fed once daily on a slurry of

liver powder, guinea pig chow, yeast and hog chow. Pupation

started on the 7th day after egg hatch and were harvested on

three consecutive days. Ca. 1,700 pupae were harvested/tray

and 85% emerged as adults. Most sugar-fed males died after

2 weeks, whereas most females survived for 3 weeks.

Colonies were maintained on defibrinated bovine blood

provided in natural membrane prophylactics. Eggs were

collected in plastic cups placed within cages; eggs could be

dried and stored at 10 C for 6 days with only 6% mortality.

A population genetics study of an. fr n included a

cytogenetic survey of polytene chromosome banding patterns

and inversion frequencies, a determination of hybrid

v



incompatibility of different geographic strains, and a

determination of genetic variability through analysis of 24

enzyme loci by starch electrophoresis. Population samples

were obtained from California, Oregon and Washington. Four

inversions were seen [In(3R)A, In(3R)C, In(3L)A, In(X)AJ

with frequencies that generally varied with geography or

ecology. In(3L)A was most common in California and had

similar frequencies throughout. Only populations collected

in the Sacramento and Owens valleys, California, were fixed

for the standard X homokaryotype. All other populations

were either polymorphic for In(X)A or fixed for the

inversion homokaryotype. A population at Jasper Ridge,

California, was found to be & hermsi (sibling species of

&n. f ree!ri) and had no inversions; both sibling species

have homoseguential chromosome banding patterns and the X

chromosome does not distinguish them. Hybridization studies

showed that only crosses with the Jasper Ridge strain

produce hybrid sterility. The percentage of polymorphic

loci ranged from 16.7-29.2 and mean teterozygousity ranged

from 0.04-0,10. Two loci, Mpi-l and Got-i, accounted for

most polymorphism found in California; Pgm-l was more

polymorphic in Washington and Oregon, but Got-i was fixed.

Significant allele frequency differences between populations

correlated with geogra;hic distance or changes in ecology.

No diagnostic loci were found that could distinguish An.

hermsi from An. freetorni.

vi



CHAPTER 1

INTRODUCTION

Throughout the past 20 years, a considerable amount of

research has focused on the genetics of mosquitoes. This

focus has stemmed, in part, from the realization that many

current methods of mosquito control are inadequate or no

longer effective, and that genetics may offer a powerful

tool for manipulating, and thus controlling, both mosquitoes

and the diseases they vector. Furthermore, it has become

apparent that understanding the genetic structure of insect

vectors is fundamental to understanding the epidemiology of

the diseases they transmit. The study of mosquito genetics,

therefore, has proceeded on various fronts, each with its

own approach.

Though considerable information on the cytogenetics of

anophelines has accumulated during the past 2 decades

(Kitzmiller 1976, Narang and Seawright 1989), literature on

the population genetics and evolutionary relationships among

Nearctic anophelines, particularly those in the maculipennis

species complex, is scant and scattered. Studies on

population genetic structure and phylogenetic relationships

are useful in identifying vector versus non-vector

populations and are also necessary first steps in certain

types of control programs (e.g. population replacement). A

1



2

good example of the evolutionary and systematic problems now

under investigation in culicids grew out of a very real and

practical situation, the paradox of anophelism without

malaria in some parts of Europe. Although the supposed

vector, &n. maculi ennis Meigen, was widely distributed, the

distribution of malaria was not. Subsequent investigations

showed that there were ecological differences among the

various geographic races of an. maculipennis. Later, these

races were found to correspond to seven species based on egg

morphology, hybridization studies, and chromosomal

comparisons. Thus, the maculinnis group became one of the

classic examples of sibling species.

Pielou (1975) has emphasized the detection of cryptic

species as of central importance in the study of ecology and

natural history as well as in the genetic study of

populations and their evolution. Species groups are common

in the genus A and the Old World maculipennis group

is simply one of many including the f, aambiae,

punctulatus, leucosDhyrus and mininus groups (see Reid 1970,

Narang and Seawright 1989). Much less is known of the

population genetic structure and phylogenetic relationships

among the Nearctic maculirennis species complex. One

difference between the Palearctic and Nearctic maculipennis

species is that the latter show much greater chromosomal

heterogeneity. This variation might indicate a New World

origin of the maculipennis complex (Kitzmiller et al. 1967)

and the presence of cryptic species. Recent investigations



3

by Lanzaro et al. (1988), Kaiser et al. (1988a, 1989b), and

Narang et al. (1989a, 1989b, 1989c) have shown the presence

of at least four sibling species for what was formerly

thought to be one, a. quadrimaculatus Say.

The Nearctic aculiennis species group includes A

freebor.i Aitken, An.. atecus Hoffmann, An. earlei Vargas,

and An. occidentals Dyar and Knab (Kitzmiller et al. 1967).

Some authors consider An. Uadrimaculatus and An.

Dunctiennis (Say) as closely related, if not in this group

too. a. fre ni. has a widespread distribution in the

states west of the Rocky Mountains extending from southern

Canada to northern Mexico (Carpenter and LaCasse 1955).

Recent studies indicate that all populations south of the

Tehachapi Mountains and Santa Maria (San Luis Obispo Co.),

California, may be those of a new sibling species, An.

hermsi Barr (Barr 1988, Barr et al. 1987, Cope et al. 1988).

Anopheles f.Q1rni is a serious pest in irrigated

agriculture, particularly in California rice fields. Once

an important vector of malaria in the U.S.A., &. freeborni

is still a potential threat in sporadic malaria outbreaks

(Singal et al. 1977). &n. feboli has also been found to

harbor a number of arboviruses including western equine

encephalitis, Cache Valley viruses, California encephalitis

group viruses, ANA complex viruses and two strains of Main

Drain virus (Reeves and Hammon 1944, Elbel et al. 1971,

1974, Calisher et al. 1980).
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The little that is known about the genetics of An.

Lreeboni concerns salivary chromosome mapping by Kitzmiller

and Baker (1963), somatic chromosome size .omparisons by

Mukherjee et al. (1966), interspecific hybridization studies

through forced copulation (see Kitzmiller et al. 1967),

frequency of an inversion on chromosome arm 3R in three

populations in California (Smithson 1970), and a comparison

of alkaline phosphatases of a, freeLi. and An.

labranchiae Falleroni (Bianchi and Piroda 1968). This work

has provided some baseline information on the genetics of

An. febri , but there is no information on the genetic

structure and divergence of this species throughout its

distribution range.

This investigation was funded by a grant from Walter

Reed Army Institute of Research (WRAIR) to study the

genetics of &. j n and to develop mass rearing

techniques for this species. WRAIR and other institutions

currently involved in malaria vaccine development are

particularly interested in mass rearing An. f.ekbr.1

because this species has consistently high rates of

infection with malaria sporozoites and oocysts under

laboratory conditions; it is the ideal species for malaria

transmission research and studies involving the use of

oocysts and sporozoites. Furthermore, relative to other

Nearctic anophelines, An. f has been found to have

higher rates of infection with both Plamoium flcni. uir

and r. vivax (including various strains of these), and a
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number of zoonotic malarias (Collins et al. 1979, 1980,

1981, 1982, 1983, 1984). At present, there is no method for

the in vitro culture of the mosquito stages of malaria.

The purpose of this investigation, therefore, has been

twofold: first, to develop a methodology that is suitable

for rearing large numbers of An, jxrjni, and second, to

study the population genetic structure and genetic

divergence of A. jnkbzni over widely separated geographic

areas. It is clear from past studies of mosquitoes,

particularly the anophelines of S.E. Asia (Reid 1968) and

Africa (Coluzzi et al. 1979), that most wide-ranging species

vary geographically. This variation may take the form of

morphological differences (often enough to require region-

specific keys), ecological differences, and vector capacity

differences (Reid 1970). Although Depner and Harwood (1966)

reported differences in photoperiod response between two

latitudinally-distinct groups of An. freeborln, no other

studies have investigated differences between spatially

distant strains of this species.

Three complementary approaches have been used in this

investigation to study the population genetics of An.

freeborni: enzyme electrophoresis, cytogenetics, and

hybridization between different populations. It was hoped

that these three methods would be useful in answering and

elucidating the following:

1. a measure of genetic polymorphism (polymorphic

enzyme loci, heterozygousity, inversion
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frequencies and distributions) in natural

populations;

2. genetic distances between conspecific populations;

3. diagnostic enzyme loci for species and populations;

4. the presence of a sibling species complex;

5. insights into speciation, genetic-environmental

correlations and phylogenetic relationships.

This thesis is divided into six chapters. The second

chapter describes the techniques developed for mass rearing

And. ~r ni. The last four chapters are devoted to

cytogenetics, hybridization, enzyme electrophoresis, and a

general discussion.



CHAPTER 2

IMPROVED TECHNIQUES FOR REARING ANOPHELE FBQ.NI

Introduction

Anopheles freeborni Aitken is a member of the North

American maculiDennis group and is found west of the Rocky

Mountains (Carpenter and La Casse 1955). It is a major pest

in certain areas, primarily in irrigated lands, and was once

the most important vector of malaria on the West Coast.

Because of its relatively high rates of infection with

various strains of human malaria (Burgess and Young 1950,

Collins et al. 1964, 1973a, 1973b, 1977,1981), An. freeborni

has been the preferred domestic species in malaria research.

Techniques for rearing An. freeborni have been published

by Hardman (1947), Depner and Harwood (1966), Miura (1970)

and Gerberg (1970); laboratory observations on developmental

biology were described by Northup and Washino (1981). Their

techniques, and other methodologies presently used at

several research institutes in the US, are laborious,

imprecise and concerned with producing relatively small

numbers of mosquitoes for laboratory tests. The current

study, made possible by funding from the US Army Medical

Research and Development Command, was conducted to develop

techniques for mass production where time, labor and expense
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can be limiting factors. An extensive amount of research

has been conducted at the USDA, Insects Affecting Man and

Animals Research Laboratory (IAMARL), Gainesville, FL, on

the mass rearing technology of An. aJiJn Wiedemann and

An. cuadrimaculatus Say (Dame et al. 1974, 1978, Bailey et

al. 1978, 1979a, 1979b, 1980a, 1980b, 1980c, Fowler et al.

1980, Savage et al. 1980). The technology developed has

made possible the continuous provision of large numbers of

mosquitoes for various research projects at the IAMARL. The

purpose of this project was to develop mass rearing

methodology for An. freeDi.

Materials and Methods

Rearing Facility

A rearing room was established in the quarantine unit of

the Florida Department of Plant Industry in Gainesville.

The room was equipped with a humidifier and heating system

to provide a relative humidity of 70-80% and a temperature

of 25-27"C. A 12:12 light:dark (LD) cycle was maintained,

and a timed 4-watt night light provided a 2-hour crepuscular

period. Four metal racks, each capable of holding 20

plastic rearing trays (51 X 38 X 8 cm), were housed in 2

cabinets that had clear plastic sliding doors. The cabinets

helped maintain a constant water temperature in the larval

holding trays, reduced evaporation of water from trays and

inhibited access to the trays by loose mosquitoes. The

water temperature in the trays was controlled with
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electrical heat tapes (Dame et al. 1978) that ran the length

of each shelf of each rack and were controlled by Zipcono

variable temperature controllers.

~Adults

Adults were held in 61 X 61 X 61-cm aluminum-frame

screened cages with tubular sleeving attached to one side.

The bottom and top of each cage was covered with white

Formica to facilitate cleaning. Two feeding ports located

on the top panel (Bailey et al. 1978) made it possible to

provide sugar and blood without placing hands or arms in the

cage. Cotton soaked in a 10% sugar solution was provided

twice a week.

Mass rearing techniques were developed using a strain of

An. freeborni obtained from Dr. Robert Washino, University

of California, Davis. This strain (Davis strain) originated

from mosquitoes collected in the Sacramento Valley, and had

already been maintained for ca. 2 years as a laboratory

colony prior to this investigation. The mass rearing

methodology developed for the Davis strain was tested on a

2nd strain of An. jebj that was established from the

eggs of 52 field-collected females from Benton County,

Washington. The Washington strain was in its 6th generation

at the time of the mass rearing tests.

To facilitate colony establishment and maintenance, the

mating behavior of virgin males and females was investigated

by combining 50 pairs of the following individuals in
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gallon-sized containers with screen tops: (1) teneral

females and males; (2) teneral females and 5-day-old males;

(3) 5-day-old females and 5-day-old males; (4) 5-day-old

females and teneral males. There were 16 replicates. Every

day, 5 females were removed from each container and their

spermathecae examined for the presence of spermatozoa.

To test whether individual males would inseminate

multiple females and copulate in the absence of swarming,

single virgin teneral males were placed in gallon containers

with 1, 5 and 10 virgin teneral females; female spermethecae

were dissected when males died.

Bloodfeedina

Initially, all mosquito strains were fed on restrained

guinea pigs or on human arms. Once each strain was

established in large numbers, bovine blood was tested as an

alternative bloodmeal. Bovine blood was obtained weekly or

bi-weekly from a local slaughterhouse, immediately

defibrinated mechanically, and refrigerated at 2-5"C.

Mosquitoes were fed through pre-processed natural membrane

prophylactics in the manner described by Bailey et al.

(1978).

To test the acceptability of the membrane prophylactics

in terms of feeding preference, 3 groups of 25 six-day-old

female mosquitoes were fed for 15 min on the shaved bellies

of restrained guinea pigs, and 3 other groups were fed on

membranes containing 100 ml of defibrinated bovine blood.
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Guinea pigs, cages and membranes were completely randomized

in 9 replicates conducted on 9 separate days; on 2 of these

days only 4 cages were used, and on 1 day 5 cages were used.

Since the type of bloodmeal ingested by female

mosquitoes can affect egg production, clutch size was

compared for females fed on guinea pigs versus those fed on

defibrinated bovine blood. One hundred female and male

pupae were chosen randomly from a single day's harvest and

isolated by sex. Six days after emergence, two groups of 35

females were allowed to feed on either a guinea pig or on

defibrinated bovine blood (24 hr old and heated to 40 C) for

15 minutes. Bloodfed females, and an equal number of males,

were subsequently transferred to gallon-sized containers and

held for 3 days. Females were then transferred to

individual vials lined with filter paper and containing

water. The number of eggs and percent hatch was recorded

for each female. A 2nd replicate of this study also

included a comparison with whole human blood.

Egg Drving and Storage

Eggs were collected by placing plastic cups filled with

water into the cages. Eggs deposited the previous night

were first washed through a screen into an enameled pan to

remove any dead adults. The enameled pan containing the

eggs was then placed into the rearing cabinet and incubated

for ca. 24 hr at a water temperatu-e of 28"C; heat tapes

maintained a constant water temperature. After incubation,
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eggs were dried and volumetrically measured in the manner

described by Dame et al. (1978). By dispensing measured

quantities of dried eggs into the rearing trays, it was

possible to standardize the number of larvae per tray.

Since drying might affect egg hatch, the percentage hatch of

10 dried samples of 800 eggs each was compared to that of I0

non-dried samples. All eggs originated from the same day's

batch.

The ability to dry and store eggs makes it unnecessary to

collect eggs daily from rearing cages, allows for their easy

shipment, and provides for an emergency stockpile. The

effect of storage on egg hatch was tested at -20, 5, 10, 15

and 26"C. Eggs from the same day's batch were divided into

samples of ca. 800 and placed in individual plastic

Eppendorf microcentrifuge tubes (1.5 ml). Thirty such

samples were stored at each temperature. There were 10

replicates at 5, 10 and 15*C and 4 replicates at -20 and

26"C. Three samples of eggs from every batch were allowed

to hatch immediately as controls. Thereafter, 3 samples of

eggs were removed from each treatment at 3-day intervals.

All eggs were hatched in styrofoam cups containing 50 ml of

an infusion made by mixing 0.02 g of a 1:1:1 mixture of

liver powder, yeast and hog supplement in 75 ml water; the

infusion was strained through organdy cloth to remove large

particles. Percentage hatch was determined by examining 300

eggs from each sample at 1OX magnification; hatched eggs

were distinguished by their collapsed chorions and opened
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operculums. Since the percentage hatch for controls varied

between replicates, Abbott's (1925) correction formula was

employed prior to the analysis of variance.

Various concentrations of glycerol and dimethylsulfoxide

(DMSO) were tested for their effects on the storage of dried

eggs and 1st instar larvae at -200C. Mosquitoes were also

allowed to deposit their eggs on water containing different

concentrations of both substances. All larvae and eggs were

stored in 1.5 ml microcentrifuge tubes.

Larval Rearing

Various rearing conditions were tested that included

changes in the type and quantity of food, volume of water,

and density of larvae. The ty -- :f foods tested were Agway

and Gaines dog food (- e-.-tted), hog supplement, guinea pig

and fish chow (Ralston Purina Co.), desiccated hog liver

powder,-and brewer's yeast (ICN Pharmaceuticals Inc). The

dog food, hog supplement, guinea pig and fish chow were

sieved through a No. 50 sieve. Food was provided to each

rearing tray in the form of a surface dust or as a slurry

which was mixed into the rearing water. The following

criteria were used individually or collectively to determine

the effectiveness of the various rearing techniques: time

for development, number and weight of pupae, percentage

adult emergence, adult longevity and sex ratir

All larvae were reared in plastic trays (51 X 38 X 8

cm) with tap water that was not dechlorinated. Larval

densities that were tested ranged from 2,000 to 5,000
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individuals per tray. Pupae were harvested by utilizing the

cold water technique of Weathersby (1963) as modified by

Hazard (1967). All pupae were counted, and samples of 100

individuals from each tray were sexed and weighed on days of

maximum pupation. Prior to weighing, pupae were surface-

dried by blotting with tissue paper. Daily harvests of

pupae were put into plastic cups with clean water and placed

in emergence cages. Plastic funnels over the cups prevented

females from entering the cups and laying their eggs, but

allowed emerging adults to escape.

Adult emergence and longevity, under the rearing

methodology established in this study, were estimated fror

samples of 100 pupae that were selected randomly from each

of 32 rearing trays. Each sample was weighed, placed in a

styrofoam cup with 50 ml water, and allowed to emerge in

gallon-sized containers with screen lids. Dead mosquitoes

were counted, sexed, and removed from each container every

day.

The length of time for development of pupae into adults

was determined by isolating 50 newly pupated individuals of

each sex in gallon-size containers. Each day thereafter,

the number and sex of emerged adults was recorded. There

were six replicates and all pupae in each replicate were

drawn from a single day's batch of newly-pupated

individuals.
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Both strains of an. fraebo.i fed readily on defibrinated

bovine blood contained in natural membrane prophylactics.

Defibrinated blood could be stored at 0-50C for 10 days

before mosquitoes refrained from feeding on it. The mean

number of females that blood-fed when offered either a

guinea pig or defibrinated bovine blood was identical; out

of 51 cages of mosquitoes tested, a mean of 15.0 ± 4.5 and

15.5 ± 3.1 females per cage (25 females/cage) took

bloodmeals from guinea pigs and membranes, respectively.

Furthermore, females that fed on defibrinated blood produced

as many eggs with a similar percent hatch as those fed on

guinea pigs or human blood (Table 2-1).

Table 2-1. Mean number (± SD) of eggs and percentage hatch
for females fed on guinea pigs (GP), defibrinated bovine
blood (DEF) and a human arm (HUM).

Rep. Blood n No. eggs/ % Hatch

female

I GP 20 128 ± 29.6a 69.7 + 22.Oa

DEF 17 104 + 36.Oa 67.5 + 29.7a

II GP 36 155 + 53.1b 96.0 + 7.4b

DEF 23 149 ± 50.6b 95.3 ± 3.7b

HUM 24 138 + 46.7b 97.8 + 2.6b

Means in tht same column and replicate followed by the
same lower case letter are not significantly different (P =
0.05).



Among teneral mosquitoes of both sexes, insemination did

not occur until the 3rd day post-emergence (Fig. 2-1). When

teneral individuals were caged with 5-day-old mosquitoes of

the opposite sex, spermatozoa were found in 20-40% of the

females within 24 hr. On the other hand, when 5-day-old

mosquitoes of both sexes were caged together, almost 90% of

the females were inseminated within 24 hr. These

observations suggest that the absence of any mating among

teneral mosquitoes during the 1st two days post-emergence is

due, in part, to the behavior of both males and females.

Additional mating tests demonstrated that teneral females

that were bloodfed on the third day post-emergence (females

will not feed until at least three days old) had the same

rate of insemination as tenerals that were not bloodfed; in

effect, a bloodmeal was not a necessary condition for

insemination nor did it affect the rate of insemination.

The genitalia of newly emerged males (n - 35) were

observed to rotate fully in ca. 20 hr at 250C. Genitalia

rotated 180" in a clockwise or counterclockwise direction

with apparently equal frequency; 26 out of 58 individuals

rotated clockwise.

Attempts to rear many other species of mosquitoes have

often failed or been very difficult due to the absence of

mating among adults in laboratory cages. For some species,

the appropriate conditions that trigger swarming by males

appears to be critical for ensuring copulation.

. . .. . .. . .. . II II Ii l0 I l !
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Fortunately, this is not the case with An. fr n b.i.

Single males held in gallon-size containers with varying

numbers of females did copulate (Table 2-2). One male

copulated with 10 females.

Females usually laid their eggs on the 3rd or 4th day

after blood-feeding. The eggs were deposited on water

contained in plastic cups of various sizes, irrespective of

their color (white or painted black). After a 24-hr

incubation period, eggs were dried and dispensed into trays

using the techniques described by Dame et al. (1978); it was

not necessary, however, to hatch the eggs in small cups with

Table 2-2. Inseminations by single males placed with 1, 5
or 10 virgin females in individual gallon-sized containers.

Inseminations

Number 4
No.

females Reps Total Range

1 10 5 0-1 50

5 10 23 0-4 46

10 10 49 1-10 49

infusion water before adding the larvae to large trays.

Rather, dry eggs were sprinkled into 5-cm-diam styrofoar

rings floating in each tray. Crowding of the eggs in the
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floating rings was done to encourage hatch synchrony (Dame

et al. 1978).

A volume of 0.01 ml was estimated to contain ca. 783 ±

56 dry eggs. Egg hatch for dried eggs (83 1 3%) versus

non-dried eggs (85 ± 4%) did not differ significantly (P =

0.05), nor was a reduction in hatch or increase in larval

mortality apparent after eggs were dried routinely.

Attempts to store eggs at -200C for any length of time,

whether dry or in various concentrations of glycerol and

DMSO, were not successful (complete mortality). Dry eggs

could be stored, however, at temperatures above 0"C (Fig. 2-

2). Mortality of dried eggs stored for 6 days at 5, 10 and

15"C ranged from 2.1 to 11.7%. Mortality did not differ

significantly at these temperatures during the 1st six days

of storage, but thereafter mortality for eggs stored at 10'C

was consistently and significantly lower (P - 0.05). Even

after 18 days of storage at 10"C, the percentage mortality

was only 67.4. Eggs stored at room temperature for 24 hours

(26"C) survived remarkably well, but none hatched when

stored at this temperature for more than 2 days.

When An. f larvae were reared with amounts of

water/tray and types of diets identical to those used for

mass rearing &n. ai (see Dame et al. 1978) and An.

Suadrimaculatus at IAMARL, the water clouded and all larvae

died. Observations on the feeding behavior of the latter

two species in colony at IAMARL revealed that all larval

instars fed on the bottom of trays as well as on the
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surface. Anopheline mosquitoes are generally thought to be

surface feeders, and perhaps the colonies at IAMARL have

been selected over the years for bottom feeding. An.

f b in this study were seen to swim and feed at the

bottom of rearing trays only during the 1st larval instar.

In subsequent instars, larvae remained on the water surface

to feed. Consequently, the depth of water/tray was reduced

with the result that larvae were then able to feed on food

settled on the bottom of trays. Larvae were observed to

angle their bodies downward and graze, while still

maintaining their attachment to the water surface. Of the

various water levels tested, an initial amount of 500

ml/tray, sur?; nented with additional water at each daily

feeding (-able 2-3), allowed larvae to graze on tray bottoms

throughout most of their development. With this approach to

feeding the larvae, it is particularly important that tray

bottoms be uniformly flat and that the shelves on which they

sit be adjusted with a level. Otherwise, food collects in

the deeper portions of the trays, becomes inaccessible to

larvae, and eventually fouls the water.

The diet that caused the least amount of fouling of water

was a mixture of 3 parts guinea pig chow to 1 part each of

liver powder, yeast and hog chow. When trays are set on the

Ist day with dried eggs, 0.1 g of food is dusted on the

water surface (Table 2-3). Thereafter, the food is combined

with a given amount of water in a slurry and mixed into the

rearing water.
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Table 2-3. Daily diet and stage of development under
standardized rearing procedure.

Day Diet (g) Stage

1 0.1 dust eggs

2 0 hatch

3 0.5 in 50 ml larvae

4 0.5 in 50 ml

5 1.5 in 100 ml

6 1.5 in 100 ml.

7 2.0 in 100 ml

8 2.5 in 100 ml

9 1.0 in 100 ml pupation

10 0.5 mixed in 1st pick

11 0.5 mixed in 2nd pick

12 0 3rd pick

All trays were started with 3,917 + eggs in 500 ml water.

On the third to ninth days, all food was mixed with water

and added as a slurry to each rearing tray. On the 10th and

llth days, 0.5 g was added to the surface as a dust and then

mixed into the water by shaking the tray back and forth a

few times. With 0.05 ml of dried eggs (3,917 ± 280), 500 ml

of initial water/tray and a total of 10.6 g of food, an

average of ca. 1,700 pupae/tray was produced from 49 trays
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Table 2-4). Stocking the trays with fewer or more eggs an

with the same proportion of food per larva generally led to

larger and less numerous pupae or smaller and more numerous

pupae, respectively.

Pupae first appeared on the 7th day after egg hatch and

were harvested on the following 3 days (Table 2-3).

Thereafter, the number of individuals pupating dropped and

was not very synchronous. Males develop faster than ferales

and account for the skewed sex ratio of pupae on each day

they were harvested (Table 2-4). There did not, however,

appear to be any difference in the duration of development

between male and female pupae (Table 2-5). Males probably

pupate first because of a faster embryonic or larval

development. There were no significant differences in the

total number of pupae harvested for each replicate of larval

rearing or between 2 strains of An. frebli. The mean

weight per 100 pupae was well over 300 mg, and over 40% of

all individuals harvested were female.

Adult mosquitoes emerged from 85% of the pupae (n =

3,200). Thirty-five percent of the adult females, fed only

on sugar water, survived for three weeks. Male mosquitoes,

however, were much shorter lived-- only 10% survived for 2

weeks (Fig. 2-3).
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Table 2-5. Mean percentage (± SD) emergence of adults per
day; all pupae were between 0-24 h old and divided into six
groups of 50 individuals/sex.

% Emergence/day

Sex n Total % emerg. 1 2 3

M 30C 94.3 + 3.2 0.7 + 1.1 67.2 ± 6.9 100

F 300 94.0 + 4.6 0.4 ± 0.9 59.1 ± 6.5 100

Hundreds of tests were conducted, in which larval

densities and nutrition were varied, before an acceptable

diet was established. Dusting fine particles of food on the

water surfaze of larval rearing trays has been a standard

method for maintaining anophelines including &n. freeborni.

This technique, however, proved to be unsatisfactory for

mass rearing technology for several reasons. First, the

amount of food that can be added to a tray is limited by the

surface area of the water and the layer of food that larvae

can tolerate. If too much food is added, the larvae cannot

penetratv the layer and suffocate. Furthermore, bacteria

and yeast can quickly form a scum on the surface which can

also kill larvae. When larval densities in a tray are low,
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the amount of food allowable on the surface is usually

enough to avoid starvation. At higher larval densities,

however, the same surface area cannot provide enough food

for the increased demand. Furthermore, the demand for food

increases as the larvae develop into later instars.

Consequently, high densities of larvae can be maintained on

a surface dusting regime only by adding small quantities of

food several times a day. Invariably, much of the food

settles to the bottom of the tray and fouls the water.

Typically, as soon as the rearing water shows signs of

becoming cloudy, the larvae die or are delayed in their

development.

After 3 harvests of pupae per tray in this study, the

rate of recovery from 1st instar larvae was between 51-55%.

This rate is comparable to the tal recovery rates obtained

by Hardman (1947) (58%) and Northrup and Washino (1981)

(52%). Consolidation of the remaining larvae after the 3rd

harvest of pupae (see Fowler et al. 1980) could further

increase the yields of pupae per tray. Furthermore, the

rearing techniques developed here make it possible to rear

larvae at 7 times the densities reported by Hardman (1947)

and with almost half the development time. Although larval

densities could be further increased by adding more eggs to

each tray, overcrowding appeared to reduce not only the

percentage of larvae pupating, but also adult emergence and

pupal weight; similar effects have been reported by Krishnan

et al. (1959) for Culex fatigan Wiedemann and by Terzian
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and Stahler (1945) for laboratory-reared An.

auadrimaculatus.

For malaria research involving the production of oocysts

and sporozoites, it is important that female mosquitoes

survive between 2-3 weeks. With the rearing methodology

described for An. f in this study, between 40-70% of

the females can be expected to survive for this period of

time.

At least some strains of An. .rikponi are stenogamous

(i.e., will copulate in small containers) under laboratory

rearing conditions, and it can be easy to start a colony

from a few field-collected individuals. Since individual

males will often mate with one or more females, this species

is particularly suitable for genetic studies.

During this investigation, An. freeborni was collected

from Utah, Washington and several locations in California.

For the most part, few problems were encountered in

establishing each strain as a laboratory colony. Two

strains have been maintained for 60 generations. There

were, however, some problems associated with particular

strains that are worth mentioning. Initially, attempts to

develop a rearing methodology for An. freeborni were made by

using the Marysville strain (obtained from Walter Reed Arry

Institute of Research) that had been in colony for 45 years.

Although larvae and pupae appeared to develop normally,

adults did not emerge properly and died. Only later did it

become apparent that this strain was temperature sensitive
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and could not be reared at a water temperature of 28'C or

more. This strain could be reared successfully at 25-26'C

(although under a different feeding regime than that

outlined above). Another strain that was difficult to rear

originated from Utah. Females collected in Utah during the

fall would take a bloodmeal, but would not lay eggs. These

females may have already undergone gonotrophic dissociation,

a type of facultative diapause characterized by the

suspension of reproductive activity (Washino 1970). Two

strains collected in April in the Sacramento Valley,

California exhibited very low rates of inseminated females

during the first few generations.

In conclusion, the capacity to produce large numbers of

mosquitoes efficiently is a pre-requisite for many malaria

research and mosquito control programs. With the

methodology described above, it is now possible to mass-rear

An. freeborni. The number of larvae per tray is

standardized by volumetrically measuring eggs, water

temperature is kept constant with heat tapes, rearing trays

do not need to be subdivided as larvae mature, high

densities of larvae can be maintained, and larvae are fed

only once a day. Adults can be maintained on defibrinated

bovine blood, thus eliminating the need to keep live

animals.



CHAPTER 3

CYTOGENETIC SURVEY OF ANOPHLES FREEBORNI

Introduction

Many anopheline mosquitoes possess ovarian nurse cell

and salivary gland polytene chromosomes that are generally

very good for cytological observations. The banding pattern

of the polytene chromosomes is a direct expression of gene

arrangement, and can provide reliable indications of intra-

and interspecific differentiations and phylogenetic

relationships (Dobzhansky and Sturtevant 1938). Banding

patterns and inversions in polytene chromosomes have been

extremely important in describing and distinguishing sibling

species, and in tracing evolutionary relationships in both

the Anopheles aambiae and maculivennis groups (Coluzzi and

Sabatini 1967, 1968, Frizzi 1947, 1951, 1952).

Cytotaxonomic identification has been used to investigate

the ecological, seasonal and geographic distributions of

members of the gambiae group (Coluzzi et al. 1979, 1985) and

was used to distinguish vector versus non-vector populations

of An. nuneztovari Gabaldon (see review by Kitzmiller 1976).

This is the first comprehensive study of the polytene

chromosomes of wild populations of &A. frQrni over a

broad range of this species' distribution. The purpose of

this study was twofold: 1) to record the presence and

33
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frequency of inversions; 2) to detect the possible presence

of cryptic species by comparing banding patterns and

inversions within and between populations. While this

investigation was in progress, a, hermsi Barr was described

(Barr 1988) as a sibling species of ha, fral.

According to the description, the only reliable way of

distinguishing these two species is by their polytene X

chromosomes; they differ by one simple inversion (Fig. 3-1).

Consequently, it became particularly important in this study

to identify the X chromosomes of individuals from all

populations presumed to be An.l fe i. The results of

this cytogenetic survey of ha, L. lni invalidated the use

of the X chromosome as a character to distinguish the two

sibling species. Therefore, the following introduction is

included to serve as a short review of the history and

taxonomic status of An. hermsi.

Cvtogenetics of Anopheles freeborni

Frizzi and DeCarli (1954) were the first to describe

certain areas of the salivary gland chromosomes of An.

freeborni that were homologous in banding pattern to those

cf An. atroDarvus Van Thiel. Kitzmiller and Baker (1963)

then published a complete description and map of the

salivary polytene chromosomes of An. feeboli. Faran

(1981) described the banding pattern of the ovarian nurse

cell polytene chromosomes and also prepared a corresponding

map. All of the above investigators used the same strain of
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An. LT2bri, which originated in Marysville, California

(Hardman 1947), and is currently maintained in several

laboratories in the United States including WRAIR. Baker

(1965) described the mitotic chromosomes and Mukherjee et

al. (1966) made comparisons of somatic (brain tissue fror

larvae) chromosome size.

Chromosomal aberrations

Frizzi and DeCarli (1954) described only two inversions

in An. freeborni--one on each arm of chromosome 3. In(3R)A

occurred at subzones 29B-31A, whereas In(3L)A continued fron

36A to the centromere (covers ca. 2/3 length of the arn).

Both inversions were relatively common in their laboratory

colony. Kitzmiller and Baker (1963) studied ca. 300 slides

of salivary chromosomes prepared from a laboratory strain

and found no inversions or duplications in the X chromosome.

Chromosome 2 had no inversions, but had a rare duplication

in subzones 18A-18B. Chromosome 3 had a frequent inversion

that occurred on the right arm at subzones 29B-31A. An

inversion on 3L (subzone 36A-centromere) was only seen once

and no homozygote was ever recovered. Faran (1981), who

studied the ovarian nurse cell chromosomes, reported finding

an inversion on 3R only. This inversion was between subzone

29B-30E and is almost certainly the same inversion that

Kitzmiller and Baker (1963) and Frizzi and DeCarli (1954)

described for 3R in the salivary chromosomes; Faran (1981)

used a zone numbering system homologous to that used by
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Kitzmiller and Baker (1963) and Frizzi and DeCarli (1954).

Menchaca (1986) reported three inversions on chromosome 3

from a sample of 50 salivary gland preparations; her

laboratory strain originated from a collection made in the

Davis, California area. All three inversions apparently

start at subzone 29A and end proximally to 30E. According

to her description, In(3R)A was identical to that described

by Kitzmiller and Baker (1963), whereas In(3R)B and In(3R)C

were previously unknown. In(3R)C is formed by two included

inversions. Menchaca (1986), however, never saw the

inversion homokaryotype for In(3R)B and did not mention how

this inversion differs from In(3R)A; its existence,

therefore, is questionable, particularly since the inversion

begins and ends in the same subzones as In(3R)A! Menchaca

(1986) found no other inversions in the chromosomes of An.

freeboni. All studies to date, therefore, have found that

n. freeborni has polymorphic inversions on chromosome 3

only: one inversion on 3L, and at least two inversions on

3R.

There has been only one cytogenetic study of the

polytene chromosomes of wild populations of An. freeborni.

Smithson (1970) attempted to compare the inversion

polymorphism in different populations and determine whether

there were seasonal intrapopulation fluctuations in

inversion frequency. He sampled three populations within

the Sacramento Valley and made over 800 preparations of the

salivary gland chromosomes. The only inversion he reported
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was on 3R between subzones 29A- 31A (In(3R)A).

Unfortunately, Smithson's (1970) preparations were so poor

that he had to abort the project and was only able to record

the frequency of the heterokaryotype. Only 6% of his

chromosome preparations were readable, and he was not able

to distinguish either homokaryotype.

Cytoaenetics of AnoRheles hermsi

Anoheles hermsi is a sibling species of An. freeborni

and was described recently by Barr (1988). According to

Barr et al. (1987) and Cope et al. (1988), An. hersi is

known only from certain areas in northern Mexico and parts

of California south of Santa Maria (San Luis Obispo Co.) and

the Tehachapi Mountains.

Over the past 45 years, the taxonomic status of this

species has been in contention. Early records of "An.

Lf.teirni" in southern California showed its distribution

limited to the coastal regions from Santa Barbara to Baja

California (Aitken 1939, 1945). Along the coast North of
Santa Barbara, A frebn appeared to be displaced by An.

occidentalis Dyar and Knab. Since the southern coastal

populations of "An. fre il" appeared to be identical

morphologically to An, fr i from the Sacramento Valley,

Aitken (1945) considered them to be conspecific. Aitken

(1939, 1945) did acknowledge the possibility that the

populations south of Santa Barbara were merely southern

forms of occidentalis that had lost their pale wing-tip
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markings (the character that distinguishes AIL.- freebni

from n._ occidentalis). Freeborn and Bohart (1951), in

their bulletin on the mosquitoes of Californ-d. }i- to

combine (for no reason stated) the southern coastal

populations into the species &I, occidentais.

Lewallen (1957) was the first to refer to the southern

coastal populations as "southern occidentalis". Lewallen

(1957) compared An. _ r. Lri from the Sacramento Valley to

both "southern occidentalis" and &D_. ocidentalis by using

ninhydrin-positive paper chromatography. In my opinion, his

study was very preliminary, the sample size was too snall,

and the results were confusing. The numbers, types, and Rf

values (relative mobilities) of the ninhydrin spots varied

between and within each "species" and between each sex.

Since "southern occidentalis" had a total number of spots

closer to that of n. occidentalis, Lewallen (1957)

suggested, incorrectly, that these were conspecific and the

southern form had simply lost its pale wing spots. Rather

than show a close relationship between &I. occidentalis and

"southern occidentalis", Lewallen's (1957) data is actually

best interpreted as showing close affinity of the latter

with A jrenri. Every ninhydrin spot present in

"southern occidentalis" is also present in An. freeborni,

whereas "southern occidentalis" only shares from 30-75% cf

its spots with M. occidentalis.

Kitzmiller and Baker (1963) made the next reference to

"southern occidentalis" in their study of the X chromosomes
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of the salivary glands of certain anophelines. They

concluded that "southern occidentalis" and an. f QXonait

had an wmistaken homology of their X chromosomes as evident

in the pairing of hybrid heterozygotes. At this time, Baker

and Kitzmiller (1963) had not yet studied the X chromosome

of An. occidentalis and, therefore, could not make any

conclusions regarding the southern and northern forms of

this supposed single species. Later, Baker (1965) studied

the salivary gland chromosomes of all the Nearctic

maculiDennis complex and clearly distinguished "southern

occidentalis" from &n. occidentalis on the basis of both the

X chromosome and the autosomes. Baker (1965) also

hybridized &a. frejbai with "southern occidentalis" and

found that there was complete pairing between the autosomes

except possibly near the centromere regions. The only

difference between the two "species" was a simple fixed

inversion on the X chromosome (InX) at subzones 2B-5C (Fig.

3-1). Baker (1965) then suggested that the name "southern

occidentalis" be dropped, since its affinity was clearly to

An-. frekoni.

Morrison (1985) described and produced a map of the

ovarian nurse cell polytene chromosomes of "southern

occidentalis". Menchaca (1986) did the analysis of the

salivary gland chromosomes. Menchaca (1986) also repeated

Baker's (1965) crosses to Ap. fkrfli and described the

hybrid polytene chromosomes. Fujioka (1986) studied the

fecundity, fertility, pzogeny viability and sterility of
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crosses between &I. frteborni and "southern occidentalis".

When the male parent was a. freon, all F1 males were

sterile. In the reciprocal cross, male progeny were only

partially fertile. All crosses produced fertile females.

Fujioka (1986) also did a preliminary electrophoretic

comparison of isozymes in both species, but found no

diagnostic loci. The sterility of hybrid males and the

distinct X chromosomes of a, fr7bori and "southern

occidentalis" convinced Barr (1988) that "southern

occidentalis" was, indeed, a new species.

Chromosome aberrations

The laboratory strain of a, hermsi that was used by

Morrison (1985), Menchaca (1986) and Fujioka (1986)

originated from the Malibu region of Orange County,

California. No mosquitoes were found to have any inversions

or other kinds of aberrations. Menchaca (1986) also studied

the polytene chromosomes of the progeny of 25 field caught

females from the same region; no aberrations were found.

Methods and Materials

Collections

Larvae and adults of . freeborni were collected fron

California, Oregon and Washington during July-October,

1988. In California, many areas throughout the Sacramento

Valley were sampled as well as several locations in the

foothills of the Sierra Nevada, one location in the coastal
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range (Clear Lake), two locations in the Owens Valley, and

one location near the coast at Palo Alto (Table 3-1, Fig. 3-

2). In Oregon, one area in the northoentral part of the

state was sampled as well as one location near the Columbia

River. Both collection sites in Washington were along the

Yakima River valley. Mosquito larvae, collected in 1987 at

artesian wells near the town of Vernal in Uintah County,

Utah, were provided by Dan Kline and Steve Romney. Although

a cytogenetic study was not done on the field-caught

material of this strain, ovarian nurse cell polytene

chromosomes of 16 F1 females were examined.

At most sites within California, only adults were

collected. Mosquitoes were often found in large numbers

under bridges or in culverts and were caught with

battery-powered aspirators. Otherwise, dippers were used to

collect larvae. Larvae were reared in plastic tubs covered

with screened lids and were fed a mixture of guinea pig

chow, liver powder and yeast. An attempt was made to

collect several hundred individuals from each location in

order to have enough material for a cytogenetic survey and

an analysis of electrophoretic variability.

Chromosome preparation. The technique used to prepare the

polytene chromosomes was generally that described by French

et al. (1962). Adult females were bloodfed and held at ca.

27"C for 27-30 hours. The ovaries were then removed in

dilute Carnoy's and subsequently transferred to a drop of

75% glacial acetic acid placed on a siliconized cover slip.
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The ovaries were teased apart with the use of minuten pins

and allowed to swell in the acid. A small drop of dilute 2%

Table 3-1. Collection site number, location and
habitat for samples of AnpIpjles jkbni
collected in California, Oregon and Washington.

SITE S LOCATION MIFTAT

CAL IFORN IA

I Nevada Co., Wotf Creek & Highway 49 Alu(ts resmtinguder bridge; tarvae
in smil pond with vegetation

2 El Dorado Co., Cmimo, Carson Rd Margins of malt pd with cattaits

3 Et Dorado Co., Pleasant Valley Rd Narlirs of mett pond

4 Sacrniento Co., Stoughouse Adults resting under bridges

5 Sacraimento Co., Forlor Adult caught biting mo

6 gutter Co., Migway 99 & Howstey Rd Adults resting under bridge
near city of Sacramento

7 Yolo Co., Capey Valley, Guirda Adults resting under bridge

8 Yoto Co., Knights Landing Adults resting in culvert pipe

9 CoLuse Co., Millers Landing Adults resting under bridge

0 Colusa Co., Nigway 20 near Wiilxims Aduts resting inder bridge

it Sutter Co., west of TIa City an Adults resting uader bridge
Butte House Rd.

12 Butte Co., Chico Larvae

13 Tehom Co., Tahim, Cyte Rd. Adults under bridge and larvae
on" .g.Le In irrigation ditch

14 Glern Co., eIt of wilIows on Adults resting under bridge
Migway 162

15 LakeCo., Clear Lake Aiults In abendoned buildings

16 Sconf Co., Sonona AdIult under bridge over Huichica Cr.

17 Sacramento Co., Highway 99 & Twin Adutts resting under bridge
Cities Rd

18 Son Mateo Co., Jasper Ridge Preserve, Larvae in iriris of pond and aIutts

west of Menlo Pk. on Sand Hilt Ad resting in outhouses

19 Kern Co., Otyx, Canebrake Creek Adults resting uder bridge

20 Inyo Co., Big Pine Adutts in culvert pipe

21 Inyo Co., Bishop Larvae in cttait mrsh
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TabLe 3-1 contired
OREGON

22 Jefferson Co., Madras Larvae in Irrigation ditch

23 U it Co., Nermiston Larvae in ftomds posture

SHINGTON

24 Benton Co., RichLand Larvae In Irrigation ditch end

aduLts In sh An m buitding

25 Yakim Co., Yakima Larvae in mrsh frrir* pasture

UTAH

26 Uintsh Co, Utah Larvae In arteian w Lts

Lactic-Aceto-Orcein stain was added to the cover slip and

mixed thoroughly. The ovaries were allowed to stain for

60-90 seconds before a slide was appressed to the coverslip.

The preparation was then gently pressed between two layers

of filter paper and viewed under the microscope at various

magnifications. Each slide was scanned for several examples

of the full complement of chromosomes. Chromosomes, banding

patterns and inversions were identified by using the

description and map prepared by Faran (1981) (Fig. 3-3), and

by using a photographic map of the best polytene chromosome

preparations. Furthermore, the Marysville strain (from

which the ovarian nurse cell polytene chromosome map had

been prepared) was obtained from the Walter Reed Army

Institute of Research and used as a standard for comparing

banding patterns. Permanent slides were prepared by placing

the chromosome preparations on dry ice for a few minutes,

popping off the coverslip, de-hydrating with 70-100%

ethanol, and adding a drop of euparal as a mounting medium.



Figure 3-2. Collection sites in California, Oregon and Washington.
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Species Identification

The results of the following cytogenetic study of An.

freeoJL demonstrated that many populations were actually

polymorphic for the "diagnostic" inversion on the X

chromosome that supposedly distinguished An. fXLe ji ffrow

An._ hermsi. This.discovery cast doubt on the use of the

inversion on the X chromosome as a reliable character for

separating these two sibling species. An independent means

of identifying each species was needed.

Concurrent with this investigation, Frank Collins at the

Center for Disease Control in Atlanta, Georgia, tested a

rDNA probe on three populations of &a, kerni (collected

in the Sacramento Valley) and three populations of An.

hermsi (collected in southern California). These samples

had been collected and sent by Stan Cope of the University

of California Los Angeles. The probe was a fragment of

rDNA from An., al ia that had been cloned by Raymond

Beach. Frank Collins found that a double digest with

restriction enzymes PstI and SalI produced a restriction

fragment pattern that was consistently different between the

two sibling species; there were no hybrids. This probe,

then, appeared to be the only other means of distinguishing

A freeborni from hp_. hermsi.

The rDNA probe was then employed in order to determine

the specific identity of individuals in populations that

were polymorphic for In(X)A. At least three individuals fror

each of 12 collection sites in California, Washington, and
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Oregon were sent to Frank Collins in a blind test. These

sites included those in which populations of &n. freeborni

were polymorphic for the inversion on the X chromosome, as

well as populations fixed for either homokaryotype. The X

chromosomes of most samples sent for rDNA analysis had

already been identified by removing the ovaries of the

bloodfed females. Samples of mosquitoes from three

populations of &I, hermsi (collected in southern California

by Stan Cope) that had not yet been analyzed with the rDNA

probe were also sent.

Statistical Analysis

Some sample sizes were extremely small and not subject to

statistical analysis. Otherwise, Pearson Chi-Square, and

homogeneity Chi-Square values were calculated by using

statistical analysis software (SAS).

Results

Collections

Within the Sacramento Valley, adults were found easily

and in large numbers in areas where rice was grown (sites,

Table 3-1). In Tehama (site 13), however, larvae were

plentiful in irrigated pastureland. In the Owens Valley

(sites 20, 21), larvae were collected in a marsh of cattails

and adults were found in culverts. Within the foothills of

the Sierra Nevada, larvae were collected along the edges of

two small ponds, usually within aquatic vegetation. Adults
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at Clear Lake (site 15) were found in abandoned buildings

near wild rice fields. The only larvae collected during the

month of October were found in a pond at Jasper Ridge (site

18). At this site, larvae were found in all four instars

and adults were c!l ed from the walls of a nearby

restroom. In Yakima, Washington (site 25) and Hermiston,

Oregon (site 23) larvae were common in irrigated pasture or

in the marshy fringes of these. In Madras (site 22) and

Richland (site 24), larvae were found within the aquatic

vegetation in irrigation ranals. Adults were also collected

in Richland within an abandoned building.

Chromosome Variations

Except for differences in inversion frequencies, all

populations sampled in this study appeared to have

identical polytene chromosome banding patterns, i.e. were

homosequential. Certain areas of the autosomes had a

propensity for asynapsis, but the degree of asynapsis varied

within and between individuals of a given sample; the

details are discussed below. Furthermore, all populations,

except that collected at Jasper Ridge (site 18), were

polymorphic for one or two inversions on chromosome 3. Sore

populations were also polymorphic for an inversion on the X

chromosome. Chromosome 2 had the best band resolution of

the complement and was usually asynaptic around the

centromere. This asynapsis was not due to any banding

differences between homologous chromosomes, but was a result



Figure 3-4. Examples of polytene chromosome 
2 of An. freeborni

collected at various sites 
in California, Washington 

and Oregon.

Arrows point to regions 
of asynapsis around the 

centromere. A)

Chromosome arm 2L from the Sacramento Valley, California. B)

Chromosome arm 2R from the Sacramento Valley, California. C)

Chromosome 2 from Hermiston, Oregon. D) Chromosome 2 from

Richland, Washington.
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of the propensity of the centromeric region to split apart

during chromosome preparation (Fig. 3-4). No inversions

were found on chromosome 2 in any of the populations

sampled.

X Chromosome

All An. freeborni collected in the Sacramento Valley

(Table 3-1, Fig 3-2) and in the Owens Valley had the X

chromosome described (Kitzmiller and Baker 1963, Faran 1981)

as that of An. frgeeoni (Figs. 3-5, 3-6). Herea:ter the X

chromosome homokaryotype found in populations within the

Sacramento Valley will be referred to as the standard

homokaryotype. Populations sampled near the coastal region

or the foothills of the Sierra Nevada, however, were either

fixed for the inversion homokaryotype (type found in An.

hermsi) or were polymorphic for the inversion (included

heterokaryotypes). At Clear Lake (site 15), for example, 8%

of the mosquitoes sampled were heterokaryoptypes. Since the

frequency of the inversion at Clear Lake was 0.96, a very

large sample would have been necessary in order to find one

or more standard homokaryotype individuals (assuming

Hardy-Weinberg equilibrium). At Onyx (site 19) the

frequency of heterokaryotypes appeared to be larger, but the

sample size was too small at this site to provide an

accurate estimate of karyotype frequency. Jasper Ridge

(site 18) and Camino (site 2), on the other hand, were fixed

for the inversion karyotype. Another sample taken near



Figure 3-5. Frequency of the standard (White) and inversion
(black) karyotype for the X chromosome at various collection
sites in California (A), Oregon and Washington (B).
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Figure 3-6. Examples of the X chromosome inversion homokaryotype,
standard homokaryotype and heterokaryotype from various collection
sites in California, Oregon, Washington and Utah. A-B) Standard
homokaryotypes from Sacramento, California and Vernal, Utah
respectively. C) Standard homokaryotype from the Marysville strain
of An. freeborni obtained from the Walter Reed Institute of
Research. D-E) Inversion homokaryotypes from Camino, California
and Richland, Washington, respectively. F) Standard homokaryotype
from Richland, Washington. G-I) An inversion homokaryotype from
Hermiston, Oregon, and two inversion homokaryotypes from Jasper
Ridge, California, respectively. J-K) Inversion homokaryotypes
from Madras, Oregon and Clear Lake, California, respectively.
L-M) Inversion heterokaryotypes from Hermiston, Oregon and
Richland, Washington.
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Camino (site 3) was odd in that one standard homokaryotype

was found among 12 inversion homokaryotypes.

All mosquitoes collected in Madras, Oregon (site 22)

were inversion homokaryotypes (Table 3-2, Fig. 3-5). As one

proceeded north into Washington the frequency of the

standard homokaryotype increased. At Yakima (site 25), the

standard X chromosome reached its highest frequency of 0.90.

Table 3-2. The observed (o) and expected (e) numbers
of standard homokaryotypes (S/S) inversion homokaryo-
types (I/I) and heterokaryotypes (S/I) for an inver-
sion on the X chromosome of Anopheles freeborni
collected from various sites in California, Oregon
and Washington.

Chromosome X

F feq.

S/S S/I I/I

Site* n o e 0 e o Chisq. S I

1 1 0 0 1.00 0.00
2ab 27 0 0 0 0 27 0 0 0.00 1.00
3sc 13 1 0.08 0 1.85 12 11.08 12.51 0.08 0.92
4 9 9 9 0 0 0 0 0 1.00 0.00
5 2 2 0 0 1.00 0.00
6 50 50 so 0 0 0 0 0 1.00 0.00
7 3 3 0 0 - 1.00 0.00
8 22 22 0 0 0 0 0 0 1.00 0.00
9 35 35 35 0 0 0 0 0 1.00 0.00
10 50 50 50 0 0 0 0 0 1.00 0.00
11 22 22 22 0 0 0 0 0 1.00 0.00
12 27 27 27 0 0 0 0 0 1.00 0.00
13 4 4 4. 0 0 0 0 0 1.00 0.00
14 50 50 50 0 0 0 0 0 1.00 0.00

15b 60 0 0.01 5 4.56 55 55.20 0.04 0.04 0.96
16 1 I 0.00 1.0c
17 16 16 16 0 0 0 0 0 1.00 0.0c
lea 41 0 0 0 0 41 41 0 0.00 1.0c

19 4 0 3 1 0.38 0.62

20 9 9 9 0 0 0 0 0 1.00 0.0c
21 2 2 0 0 1.00 0,0
22ab 15 0 0 0 0 15 15 0 0.00 1.00
23c 47 6 3.61 14 18.83 27 24.57 3.06 0.28 0.72
24d 73 26 27.73 38 34 .46 9 10.73 0.75 0.62 0.38
25e 50 41 40.50 8 9.00 1 0.50 0.62 0.90 0.10

9 Sites followed by the Same letter do not differ $ionificantLy in frequencies
of S/S, S/1 an / (hoog0eeity Chi-S~are P a 0.05).

includes two females collected by Stan Cope.
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The observed frequencies of the homokaryotypes and

heterokaryotypes in Hermiston (site 23), Richland (site 24),

and Yakima (site 25) did not differ significantly from those

expected under Hardy-Weinberg equilibrium (Table 3-2) A

test of homogeneity was performed to determine whether the

separate samples were sufficiently uniform to express a

common over-all ratio of the three karyotypes. No two

samples were found to be homogenous (P = 0.05) in Washington

(sites 24, 25) and Oregon (sites 22, 23, Table 3-2).

Chromosome Arm 3L

An inversion on 3L was by far the most common inversion

in samples collected in California (Table 3-3, Fig. 3-7).

In(3L)A included the 'dot and crescent' landmark (Figs 3-8,

3-9), making it very easy to recognize either homokaryotype.

This inversion is the same as that described by Frizzi and

DeCarli (1954) and Kitzmiller and Baker (1963). Except for

Jasper Ridge (site 18), Clear Lake (site 15), and scveral

locations with small sample size, the frequency of In(3L)A

was remarkably similar throughout California and ranged fro.

0.19-0.33. None of the observed frequencies of

homokaryotypes and heterokaryotypes differed significantly

from those expected under Hardy-Weinberg equilibrium (Table

3-3). Furthermore, all samples collected in California,

except for Jasper Ridge (site 18), were homogenous (P

0.05) (Table 3-3).
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Table 3-3. The observed (o) and expected (e) numbers
of standard homokaryotypes (S/S), inversion hozo-
karyotypes (I/I) and heterokaryotypes (S/I) for an
inversion on chromosome arm 3L of Anobheles fikbrni
collected from various sites in California, Oregon
and Washington.

Chromosome arm 3

Freq.
S/S S/I /1

Site' n o e 0 0 a e a ai sq. S I

1 1 0 1 0 - 0.50 0.50
2- 27 13 12.67 11 11.65 3 2.68 0.08 0.33 0.67
3a 13 8 8..8 5 4.05 0 0.48 0.7,. 0.22 0.78
4e 7 4 3.56 2 2.86 1 0.57 0.64 0.29 0.71
5 2 1 1 0 0.25 0.75
6a 49 31 27.94 12 18.3 6 2.9N. 5.59 0.24 0.76
7 3 1 2 - u 0.33 0.67
$a 22 10 10.23 10 9.57 2 2.23 0.05 0.32 0.68
98 35 23 23.20 11 10.60 1 1.21 0.05 0.19 0.81
10a 50 2? 25.92 18 20.16 S 3.92 0.54 0.28 0.72
11a 22 14 13.92 7 7.17 1 0.92 0.01 0.20 0.80
12a 23 15 14.08 6 7.81 2 1.09 1.24 0.22 0.78
13. 4 28 26.29 12 15.44 4 2.27 2.21 0.23 0.77
14a 50 31 32.00 18 16.00 1 2.00 0.78 0.20 0.80
15sat 58 45 .3 12 12.3.4 1 0.8. 0.04 0.12 0.88
16
17a 16 10 9.00 4 6.00 2 1.00 1.78 0.25 0.75
18c 41 41 41.00 0 0 0 0 0.00 1.00
19 2 0 2 - 0 0.50 0.50
20a 9 6 6.25 3 2.49 0 0.25 0.36 0.17 0.83
21 2 2 0 0 - 0.00 1.00
22bc 15 15 15.00 0 0 0 0 0.00 1.00
23c 46 45 " .99 1 1.00 0 0.01 0.01 0.01 0.99
24c 70 69 69.02 1 0.97 0 0.003 0.00 0.01 0.99
25bc 48 45 45.05 3 2.91 0 0.05 0.05 0.03 0.97

Sites foLtowed by the sawi Letter do not differ significantly in
frequencies of S/S, $/I and 1/1 (homogeneity Chi-Square P a 0.05).

Outside of California, the frequency of In(3L)A was very

low (Fig. 3-7). In Oregon and Washington the frequency of

In(3L)A was 0.03 or less and all samples were also homogenous

(P = 0.05) (Table 3.3).

Chromosome arm 3L had an area near the centromere that

was commonly asynaptic in all samples (Figs. 3-8). This area



Table 3-7. Frequency of the standard (black), and inversion
(white) karyotype for chromosome 3L at various collection
sites in California (A), Oregon and Washington (B).
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began at the centromere and extended as far as subzone

35D.The extent to which asynapsis occurred varied within an

between individuals and seemed to depend, in part, on the

amount of pressure applied to the chromosome preparation. In

the inversion homokaryotype, the asynaptic area was

transferred to the distal portion of the chromosome.

Asynapsis, therefore, did not depend on proximity to the

centromere. Furthermore, no banding pattern differences,

that might explain this phenomenon, were apparent between

homologous chromosomes in the asynaptic area.

Chromosome arm 3R

Although Menchaca (1986) reported three inversions on

chromosome arm 3R, In(3R)A was essentially the only inversicn

found on this arm in this study (Fig. 3-9). In(3R)C uas

observed in rare instances from samples within the Sacrartzntc

Valley, but the frequency was too low to be included in any

analysis. Since 3R was the most difficult arm to read

because of its length and poor banding resolution, it is

possible that In(3R)C is more common than observed in this

study.

Chromosome arm 3R was sometimes asynaptic in the region cf

the centromere (Fig. 3-8, 3-9). The asynapsis, however, was

not nearly as extensive as that on 3L and semed to be the

result of centromeric splitting during chromosome

preparation.
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All populations sampled in Oregon (sites 22, 23) and

Washington (sites 24, 25) appeared to have similar

frequencies of the standard karyotype (Table 3-4, Fig. 3-1C,.

The frequency of the inversion karyotype was low and range4-

from 0.09-0.13. The percentage of heterokaryotypes range3

from 18.6-26.7 and there were no significant differences

between samples based on the homogeneity test (P = 0.05).

In California, the reverse was generally true. The

inversion was the most common karyotype and the frequency of

heterokaryotypes varied dramatically between sites, even when

these were in close proximity (Fig. 3-10). At site 10 (n

50), for example, 2% of all individuals sampled were

heterokaryotypes, whereas at site 11 (n - 22) 30 miles awa';

the frequency was 22.7%. No inversion heterokaryotypes were

found in half of the collection sites in which the sarple

size was at least 13 individuals. These sites appeared to be

fixed for the standard or inversion karyotype. Those sites

at high elevation or on the coast (sites 2, 3, 15, 18) were

fixed for the standard karyotype or had a very low frequency

of In(3R)A. Alternatively, in the Sacramento Valley (sites

4, 5, 6, 8, 9, 10, 11, 12, 13, 14, 17), populations were

fixel for the inversion karyotype or had a high frequency of

In(3R)A.

Except for the population at Jasper Ridge (site 18), the

percentage of individuals that were heterokaryotypes for

In(3R)A and/or In(3L)A ranged from 19.6-66.7 (Table 3-4, Fig.

3-11). The percentage of individuals that were



Figure 3-10. Frequency of the standard (white) and
inversion (black) karyotype fQr In(3R)A at various
collection sites in California (A), Oregon and Washington
(b).
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Figure 3-11. Frequency of heterokaryotypes for In(3R)A
and/or In(3L)A at various collection sites in California
(A), Oregon and Washington (B).
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heterokaryotypes for at least one inversion on any of the

chromosomes ranged from 26.1-87.1%. Linkage disequilibriur

was tested for those samples with large nuubers of

individuals and high frequencies of two or more inversions.

Table 3-4. Numbers of standard homokaryotypes (S/S/),
inversion homokaryotypes (I/I) and heterokaryotypes
(S/I) for an inversion on chromosome arm 3R of
Anopheles freeborni collected from various sites in
California. The percentage of heterokaryotypes for In(3R)A
and/or In(3L)A is also given.

Freq. I Heterok.
In(3L)A

+

Site* n S/S S/I I/I S I In(3R)A

2a 27 27 0 0 1.00 0.00 40.7
3ab 13 13 0 0 1.00 0.00 38.5
4 6 0 3 3 0.25 0.75 66.7
5 2 0 0 2 0.00 1.00 50.0
6d 49 3 11 35 0.17 0.83 42.9
7 3 0 1 2 0.17 0.83 66.7
8e 22 0 0 22 0.00 1.00 45.5
9e 35 1 3 31 0.07 0.93 40.0
iOe 50 0 1 49 0.01 0.99 38.0
lid 22 0 5 17 0.11 0.89 54.5
12e 23 0 2 21 0.04 0.96 31.8
13d 44 0 8 36 0.09 0.91 45.5
14e 50 0 0 50 0.00 1.00 36.0
15a 58 56 2 0 1.00 0.00 20.7
17e 16 0 0 16 0.00 1.00 25.0
18a 41 41 0 0 1.00 0.00 0.0
19 3 2 1 0 0.83 0.17 33.3
20e 9 0 0 9 0.00 1.00 33. 3
21 2 0 1 1 0.00 0.75 50.0
22c 15 11 4 0 0.87 0.13 26.7
23c 46 37 9 0 0.90 0.10 19.6
24bc 70 57 13 0 0.91 0.09 21.4
25c 48 37 11 0 0.89 0.11 27.1

* Sites followed by the same letter do not differ
significantly in frequencies of S/S, S/I and I/I
(homogeneity Chi-Square, P - 0.05).
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The association of homokaryotypes and heterokaryotypes of

one chromosome or chromosome arm with respect to those on

another chromosome or chromosome arm did not differ

significantly from random expectations (Tables 3-5, 3-6).

The strain collected from Vernal, Utah, was

homosequential to all other strains and had the standard X

chromosome arrangement (Fig. 3-6). This strain was also

found to have In(3R)A.

Table 3-5. Numbers of observed (o)
and expected (e) associations between
In(3R)A and In(3L)A inversion systems
in samples of Anopheles freborni.
Expected values were calculated from
marginal totals.

In(3L)A System

Ivn(3R)A
system S/S $/I 1I/ TotaLs

SITE 6

S/S a 23 10 2 35
22.85 7.84 4.27

s/ 8 1 2 11
7.17 2.46 1.34

111 1 0 2 3
1.95 0.67 0.36

Tota(s 32 11 6 49
Ch-sq. 11.69 (P 0.10)

SITE 9

S/S • 19 11 31
S 20.38 9.49 0.87

S/l o 3 0 0 3
* 1.91 0.89 0.08

1/ o 1 0 0 1
e 0.64 0.30 0.03

Totats 23 11 1 35
Chi-sq. a 2.47 (P 0.95)
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TabLe 3-5 continued

In(3L)A System

In(3R )A
system S/S S/1 11 Totals

SITE 11

S/S 0 9 7 1 17
10.2 5.41 O.r7

$/1 5 0 0 5
3.18 1.59 0.22

I/I 0 0 0 0
0 0 0

Totals 1U ? 1 22
Chi-sq. - 3.7 (P 0.70)

SITE 13

SI/S 21 12 3 36
2 23.09 9.74 3.25

S/I o 7 0 1
* 5.07 2.14 0.71

I/I 0 0 0 0
0 0 0

Totals 28 1z 4 1.

Chi-sq. 3.72 (P 0.70)

Table 3-6. Numbers of observed (o)
and expected (e) associations between
In(3R)A and In(3L)A with In(X)A
inversion systems in samples of
Anb±h.te freeb niZ . Expected values
were calculated from marginal totals.

InC3R)A system

system SiS $/1 1/I TotaLs

SITE 23

S/S 0 0 0 5 5
* 0 0.99 3.99

S/I a 0 2 13 i5
* 0 3.00 12.06



82

Table 3-6 contirved

In34)A system

I mx
system S/S S/1 I/ Totals

I/l a 0 7 19 26
e 0 5.20 20.91

Totals 0 9 37 46
Chi-sq. • 2.44 (P 0.95)

SITE 25

S/S a 0 11 28 39
* 0 8.94 30.09

S/I o 0 0 8 a
* 0 1. 4 6.18

I/I a 0 0 1
* 0 0.23 0.78

lotats 0 11 37 48

Chi-sq. - 3.29 (P 0.90)

SITE 24

S/S a 0 7 17 24
* 0 4.80 19.21

S/1 0 6 31 37
0 7.41 29.62

1/1 0 1 a 9
0 1.81 7.22

TotaLs 0 14 56 70
Chi-sq. 3 1.9, (P 0.95)

SITE 15 1M(3L)A system

S/$ o 0 0 0 0
* 0 0 0 0

S/1 a 5 0 0 5
* 4.04 0.94 0

1/1 o 42 11 0 53

* 42.94 10.02 0

Totals 47 11 0 58
Chi-q. , 1.2 (P 0.95)

rDNA Probe

Samples of mosquitoes from 11 of 12 collection sites in

California, Washington and Oregon had the same restriction
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enzyme fragment pattern regardless of their type of X

chromosome (Table 3-7). Mosquitoes from Jasper Ridge (site

18), and those from samples of a,. hermsi collected in

southern California by Stan Cope, were the only individuals

with a restriction fragment pattern specific to An. herrsi.

No individuals were found to have a restriction pattern that

was a hybrid of that found in AD. hermsi and An. freeborni.

Table 3-7. Sample site, type of polytene X chromosome, and
the rDNA probe determination of species. F = freeborni
type; H = hermsi type; HF - heterokaryotype.

X rDNA X rDNA
SITE CHROM. PROBE SITE CHROM. PROBE

2 H F 20 F F
2 H F 20 F F
2 H F 22 H F
6 F F 22 H F
6 F F 23 HF F
6 F F 23 F F

12 F F 23 H F
12 F F 24 HF F
12 F F 24 F F
13 F F 24 H F
13 F F 25 HF F
13 F F 25 F F
15 HF - 25 H F
15 H F 1003* H H
15 H F 1003 H H
18 H H 1063* H H
18 H H 1063 H H
18 H H 1063 H H
19 HB F 1074* H H
19 - F 1074 H H
19 - F 1074 H H

* Collections of A. hermsi from southern California.
1003: Riverside Co., Rubidoux, Carlson Pk.
1063: Ventura Co., Piru Creek
1074: San Luis Obispo Co., Santa Margarita
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Disusin

In all populations sampled, chromosome 2 was the only

autosome that lacked inversions. There are no records of any

inversions on chromosome 2 in either the Nearctic or

Palearctic maculiennis complex (Baker and Kitzmiller 19e4,

Baker 1965, Baker and Kitzmiller 1965). Although there are

many interspecific rearrangements of the banding patterns cn

chromosome 2, the absence of inversion polymorphisms in

current populations is puzzling. One reason for this

apparent lack of polymorphism in chromosome 2 may be that

few species in the maculi~ennis group have actually been

investigated in the wild for inversion frequencies.

Nevertheless, there does not appear to be any simple

correlation between chromosome size, number of interspecific

rearrangements, and inversion polymorphisms.

In general, the X chromosomes of anopheline mosquitoes

are so distinctive that they provide the best character for

distinguishing sibling species (Kitzmiller et al. 1967,

Kitzmiller 1977). Relative to its size, the X chromosome

has usually undergone a greater amount of rearrangement than

the autosomes. In the &. gambi complex, for example, the

X chromosome represents 11% of the total polytene complerent

length. Yet, five out of ten fixed inversions in this

complex are found on the X chromosomes (Coluzzi et al 1979).

There are exceptions, however, to the distinctiveness of the

X chromosomes. Some species such as An. s-tehensi Liston

and An. farauti Laveran are homosequential, whereas other
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species differ in the frequencies of a common floating

inversion (Kitzmiller 1977).

Since, according to Barr (1988), &n. heri and An.

freeborni differ by a fixed inversion in the X chromosore,

it was startling initially to find many heterokaryotypes for

this inversion in so many populations. The large number of

heterokaryotypes raises some important questions:

1. Are An. f and a, hermi really dis-

tinct species?

2. Are An. freeborni and An. hermsi hybridizing

in sympatric populations?

3. Are one or both species polymorphic for an inversion

on the X chromosome?

4. Are populations with a polymorphic inversion on the X

chromosome a new sibling species?

Samples from Yakima (site 25), Hermiston (site 23) and

Richland (site 24) had frequencies of homokaryotypes and

heterokaryotypes that were consistent with those expected

under Hardy-Weinberg equilibrium. In effect, populations at

these locations appeared to be mating randomly with respect

to X chromosome type, and there was no indication of the

presence of two or more species.

The results of the rDNA probe indicate that all

populations, except that found at Jasper Ridge (site 18),

are conspecific. It is noteworthy that the population at
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Jasper Ridge was the only one that did not have any

polymorphic inversions whatsoever. This is also true for the

only other wild population of ha h that has ever been

sampled for the presence of inversions (Menchaca 1986).

Furthermore, Jasper Ridge was the only site found in the

month of October to contain larvae at all stages of

development. Mosquitoes in the species An. freeborni are

generally not found in early larval stages at this late

date, but, rather, are adults entering gonotrophic

dissociation and migrating to overwintering sites (Bailey

and Baerg 1966, Bailey et al. 1972, Washino 1970).

Hybridization of strains from various collection sites

(Chapter 3) confirmed the results obtained with the rDNA

probe. Mosquitoes from Jasper Ridge (fixed for In(X)A),

when crossed to a strain from Sacramento (fixed for the

standard X karyotype) or Clear Lake (fixed for In(X)A),

produced sterile males. The pattern of sterility was the

same as that reported by Fujioka (1986) when he crossed An.

hermsi to An. freeborni. However, when the Sacramento

strain was crossed to the Clear Lake strain, all progeny

were fertile; in effect, the type of X chromosome did not

affect fertility.

It is clear from this study that An. hermsi and An.

freeborni cannot be distinguished on the basis of the X

chromosome. Results from the cytogenetic survey, laboratory

hybridizations, and the rDNA restriction pattern study are

all consistent in assigning only the population at Jasper



87

Ridge (site 18) to the species an. hersi. In fact, there

appear to be no detectable differences in any of the

polytene chromosomes of these two species. An. hexmsi has

merely a subset of the variation found in An. freeQXra

(this conclusion is also substantiated by observations of

hybrid polytene chromosomes described in Chapter 4). The

absence of any inversions in An. hermsi substantiates a

hypothesis that this species arose as an allopatric

subpopulation of An. freikoni.

Jasper Ridge (site 18) is a few miles south of San

Francisco and is now the northernmost known limit of

distribution of An. hermsi. Prior to this study, An.

hersi was known only as far north as Santa Maria, San Luis

Obispo County (Barr et al. 1987, Cope et al. 1988), and no

further inland than 75 kr from the coast. It is now

apparent that this species extends up the California coast

as far north as San Mateo County, and probably further.

Bailey et al (1972) reported collecting An. freeborni near

San Pablo Bay and along the Russian River near Healdsbur

(Sonoma Co.). Since both sites are near the coast, it is

probable that these mosquitoes were actually An. fler-si.

It appears that populations of An. freeborni are of

three different types with respect to the X chronosone: Sore

are fixed for the inversion homokaryotype (Camino - site 2

and Madras = site 22), others are fixed for the standard

homokaryotype (the Sacramento Valley - sites 4, 5, 6, 8, 9,

10, 11, 12, 13, 14, 17 and Owens Valley = sites 20, 21),
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and some are polymorphic (Clear Lake - site 15, Onyx = site

19, Hermiston - site 23, Richland - site 24, and Yakima

site 25). Ethological barriers to mating may certainly

exist between these purported conspecific populations, but

unless diagnostic characters are found along with sites

where two or more mating types are sympatric, it is not

possible at present to distinguish these specifically.

Except for site 3 (n = 13), there is no indication that any

of the populations sampled in this study represent two or

more sympatric sibling species. The compliance of

inversion frequencies with Hardy-Wei'nberg expectations, the

absence of sterility in the hybrids of geographically-

distant populations, and the lack of linkage disequilibriun

support the hypothesis that these populations represent a

single species. The only unusual collection site, with

respect to the X chromosome, was site 3 (n - 13) in the

foothills of the Sierra Nevada. At this site, one standard

homokaryotype was found among 12 inversion homokaryotypes.

The expected frequency of the standard homokaryotype in

Hardy-Weinberg equilibrium would be 0.006.

There are wide microgeographical variations in the

frequency of In(3R)A in the Sacramento Valley. As Coluzzi

et al. (1979) point out, attempts to explain such variaticns

involve testing various hypotheses that are not mutually

exclusive: 1. population bottlenecks with subsequent genetic

drift; 2. different selective pressures depending on

different adult environments and/or larval breeding places
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not uniformly distributed in space and/or time; 3.

non-random distribution of the chromosomal variants at the

adult stage due to different behavioral responses in a

heterogenous environment. Although Coluzzi et al. (1979)

suggested that non-random distribution of adults was an

important contributing factor in their study, this effect

would not seem to be important in this investigation.

Within the Sacramento Valley, nearly all adults were

collected under similar conditions. The collectiun sites

were near irrigated rice fields and adults were obtained

from under bridges. In many areas, bridges appeared to

offer the only shelter from the sun.

Population bottlenecks with subsequent genetic drift

seems a more plausible explanation for the variation in

frequency of In(3R)A. Most breeding sites for An. freeborni

disappear during the late summer and early fall when rice

fields are drained. All or most adult females are then

presumed to migrate to overwintering sites within the

foothills of the surrounding mountains. These migration

flights may be as far as 17.5 miles from breeding sites

(Bailey and Baerg 1967, Bailey et al. 1972). How newly-

irrigated fields are repopulated with An. freeborni in the

spring and summer is not known. Perhaps some females

migrate back into the Sacramento Valley, or flooded fields

are merely re-populated by the few females that may have

overwintered locally. In either scenario, it is possible

that newly established populations originate from few
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overwintering females.

The great variation in the frequency of In(3R)A between

proximate collection sites also suggests that the Sacraments

Valley does not harbor one large panmictic population of An.

freeborni. Rather, the variation in inversion frequency

suggests that Anr. 7_ ni does not fly far from its

breeding sites in the summer months (Bailey et al. 1972).

Since the distribution of rice-growing areas in the

Sacramento Valley is patchy, and since suitable breeding

sites do not generally exist between them, seasonal (but nct

permanent) genetic isolation of local populations may be

the rule.

Within the Sacramento Valley, In(3R)A is frequent or

fixed. At higher elevations, at sites near the coast, or in

areas of Washington and Oregon, the standard karyotype is

most common. Thus, like the inversion on the X chromosome,

the frequency of In(3R)A also changes abruptly with

geography.

In(3L)A had a similar frequency in practically all

populations and might be maintained by balanced

polymorphism. This inversion was also the most common

inversion in California. It is curious, therefore, that

Smithson (1970) never reported finding In(3L)A in his

cytogenetic study of An. freeborni. Smithson (1970) reports

frequencies of 0.458-0.484 for heterokaryotypes of In(3R)A

in three populations within the Sacramento Valley, including

a site near the town of Williams (site 10 in this study).
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There are two major problems with the manner in which

Smithson (1970) obtained his inversion frequencies. First,

Smithson's (1970) chromosome preparations were so poor that

he was only able to score the presence or absence of an

inversion loop in 6% of his samples; he later abandoned any

future studies on the polytene chromosomes of An. freeborn.

due to his inability to produce readable chromosome

preparations. Secondly, Smithson (1970) calculated his

inversion heterokaryotype frequencies based on chromosome

preparations made from the progeny of field collected

females. Since he could not distinguish both

homokaryotypes, progeny from matings between two

heterokaryotypes would be indistinguishable from those

between a heterokaryotype and either homokaryotype. In

effect, the progeny of both types of matings would have the

same ratio of heterokaryotypes to homokaryotypes.

Due to the poor resolution of his chromosome

preparations, it is likely that Smithson (1970) did observe

inversion heterokaryotypes for In(3L)A, but incorrectly

recorded them as heterokaryotypes of In(3R)A. His estimates

of the frequency of In(3R)A heterokaryotypes fall within the

range of the combined frequencies of In(3R)A and In(3L)A in

this study (Table 3-4, Fig. 3-11).

Polymorphic inversions on chromc some 3 and on the X

chromosome are known in other species of anopheline

mosquitoes. &n. DunctiDennis Say, An. argvritarsis Robineau-

Desvoidy, Ap, darlingi Root, An. auadriannulatus, and An.

~~111011101-.04"
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arabiensil Patton, for example, all have inversion

polymorphisms on the X chromosome (Kreutzer et al. 1975,

Kitziller and Baker 1963, Coluzzi et al. 1979). Thus far,

all autosomal inversion polymorphisms in the Nearctic and

Palearctic An. zaculipennis complex have only been found on

chromosome 3 (Kitzmiller 1977).

Neither is it particularly unusual for the frequency of

an inversion to change throughout the distribution of a

given species. Inversion frequency changes and inversion

clines are common in drosophilid flies (Da Cunha, et al.

1950, Dobzhansky 1970, Carson 1982) and are also known for

species of anopheline mosquitoes (Coluzzi et al. 1979,

1985, Kaiser and Narang pers com.). Such frequency changes

are often correlated with geographic, climatic, and seasonal

variations. These correlations suggest that inversion

clines are r result (at least in part) of selection acting

on the alternative chromosomal arrangements--examples of

ecogenetic adjustments within a species. The same

conclusion is compelling when the fitness of different

homokaryotypes and heterokaryotypes, in laboratory

colonies, can be varied by changing environmental

conditions such as temperature (Moos 1955) and crowding

(Birch 1955).

In California, the frequency of In(X)A is high or is

fixed in areas of higher elevation relative to the

Sacramento Valley. In Oregon and Washington, an altitudinal

correlation of In(X)A frequency is not as apparent. The
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frequency of the inversion increases from Richland (site

24), to Hermiston (site 23), to Madras (site 22), where it

appears to be fixed. Likewise, elevation increases fror

Richland to Madras (Madras is approximately seven times

higher than either Hermiston or Richland). Yakima (site 25),

however, is twice as high as either Hermiston or Richland,

yet has the highest frequency of the standard homokaryotype.

Thus, the frequency cline in In(X)A appears to have a

latitudinal component as well. Latitudinal clines for

inversions have also been found in species A and B of An.

=uadrimaculatus (Kaiser and Narang pers com.).

Clearly, it would be desirable to make more extensive

collections along the foothill areas bordering the

Sacramento Valley. In the Sierra Nevada foothills, and at

Clear Lake (site 15 within the Coastal Range), populations

of An. freeborni are fixed, or nearly so, for the inversion

on the X chromosome and the standard arrangement for

chromosome arm 3R. In the Sacramento Valley the reverse is

true. Is this switch in karyotype sudden, or is there an

altitudinal or other environmental cline? The foothills to

the Sierra Nevada are gradual and do not appear to represent

a formidable isolating barrier. It should be possible,

therefore, to find many zones at the border of the

Sacramento Valley and the Sierra Nevada that harbor

populations of An. freorTn. A cytogenetic study of these

populations would help distinguish incipient speciation,

ecogenetic adjustment and sibling speciation.
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CHAPTER 4

HYBRIDIZATION STUDIES OF ANOPHELES FREEBORNI

Introduction

One means of attempting to arrive at the degree of

genetic divergence between populations is through

hybridization. If hybridization is not possible, then no

genetic flow exists between them. If two populations (or

species) hybridize, however, then there are reasonable

grounds for inferring that they are closely related or

conspecific. Hybrid sterility in anopheline mosquitoes

seems to be among the first isolating mechanisms developing

during geographic isolation and appears to be a highly

reliable guide to the existence of reproductive isolation

(Coluzzi 1970). Alternatively, ethological (pre-mating

isolation through behavioral incompatability) factors seen

to be more important barriers to hybridization in Drosophila

(Craddock 1974, Ahearn et al 1974, Carson 1982); many

species will hybridize in the laboratory and produce

completely fertile offspring. Yet, hybrids are rare or dc

not occur where these species are sympatric in nature.

Artificial hybridization of different species of

anopheline mosquitoes is possible by a technique of forced

copulation (Baker et al. 1962). Numerous crosses among the

various species of the Palearctic and Nearctic maculipennis

94
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group have been accomplished, and these are summarized by

Kitzmiller et al. (1967). Degrees of relatedness are

inferred from the relative sterility and viability of

progeny produced by the crosses. Further inferences can be

made on comparisons of the hybrid polytene chromosomes and

the degree of asynapsis. It must be stressed, however, that

hybrid sterility and chromosome asynapsis only provide

inferences, not absolute proof, on the degree of relatedness

between species. At least in anophelines, there does not

appear to be any direct relationship between chromosome

differentiation by paracentric inversions and genic

differentiation. Bullini and Coluzzi (1978) have reported

that homosequential species in the maculivennis complex were

found to have higher genetic distances than species in the

gambiae complex that differed by at least three paracentric

fixed inversions. Neither are sterility and asynapsis of

chromosomes limited to interspecific crosses, but may also

occur among conspecifics. Conspecific crosses of different

geographical strains of M. siieji (Kanda and Oguma 1970,

1972) and of An. stephensi (Rutledge and Ward 1970, Rutledge

et al. 1970), for example, can produce differences in

fertility and chromosome synapsis. Symbionts (Barr 1980) and

transposable elements (Kidwell et al. 1977, Engels 1980) can

also produce sterility between conspecifics.

This study reports on the results of crosses between

purported conspecific populations of An. frebIi. One air

was to cross two widely separated strains (presumed to be
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spatially isolated from each other) that also showed some

habitat and chromosomal difference. For this purpose, a

strain was obtained from Richland, Washington (WASH strain)

and crossed to a strain from the Sacramento Valley,

California (Davis strain). The WASH strain was already

known to possess a polymorphic inversion on the X chromosome

(hitherto unknown in An. _ £2brni) and was collected in

irrigation canals. The DAVIS strain was obtained at a much

lower elevation, had no inversion polymorphism in the X

chromosome (hereafter referred to as the standard

homokaryotype), and generally breeds in rice fields.

Three strains from California, which were fixed for one

or the other form of an inversion on the X chromosome, were

also crossed. These crosses were deemed necessary when

several populations collected in California were found to

have relatively high frequencies of inversion

heterokaryotypes for an inversion on the X chromosome (Table

3-2, Fig. 3-5). One of the homokaryotypes was that

described by Kitzmiller and Baker (1963), Faran (1981) and

Menchaca (1986) as being specific to An. freeborni (standard

homokaryotype), whereas the other homokaryotype was that

described as specific to a new sibling species, An. hernsi

(Baker 1965, Morrison 1985, Menchaca 1986, Barr 1988).

Thus, the possibility arose that one or both species

possessed a polymorphic inversion on the X chromosome, or

that these two sibling species were hybridizing in syrpatric

populations. Alternatively, populations with
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heterokaryotypes for InX may have represented another

sibling species altogether.

Materials and Methods

The rearing procedures used to maintain all laboratory

strains used in this study were generally those described in

Chapter 1; deviations from this procedure are specified

below. At the time the crosses were done, the WASH strain

was in its 9th laboratory generation, whereas the LAKE and

JASP strains (see descriptions below) were in the F1

generation. The DAVIS strain had already been maintained in

the laboratory for over 4 years.

Prior to crossing the strains, the ovarian polytene

chromosomes of at least 10 randomly chosen females from each

strain were checked to determine the type of X chromosome

present. Pupae from each strain were then sexed according

to the length of the hypopygium (Barr 1954), and allowed to

emerge as adults in gallon-size tubs with screen lids; sugar

pads were provided twice a week.

For crosses between WASH and DAVIS, 50 mosquitoes of

each sex were combined in tubs and allowed to mate freely.

When the adults were three days old, females were bloodfed

on a human arm. Five days post-bloodmeal, twenty females

from each cross were transferred to individual plastic vials

that were lined with moist filter paper and contained 50 nl

water. The number of eggs laid and percentage hatch were

recorded for each female. When eggs hatched, two drops of a
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food infusion (0.3 gr tetramin fish food added to 0.15 gr

yeast in 25 ml water) were added to the vials. Egg batches

that did not hatch were held for at least six days (eggs

normally hatch within three days) and then dissected and

checked for the presence or absence of embryonic

development. The spermathecae of females that laid

unhatched eggs were dissected for the presence of

spermatozoa.

First instar larvae were transferred to enamel pans (18

x 28 cm) containing 100 ml water. The larval diet consisted

of three parts guinea pig chow to one part each of hog chow,

liver powder and yeast.

Pupae from each tray were counted, separated by sex and

allowed to emerge as adults in separate containers/family.

After emergence, all adults of a given sex and cross were

combined. The testes of at least 10 males frcm the progeny

of each parental cross were dissected and checked for the

presence of spermatozoa and normally developed genitalia.

All dissections were done in insect saline and the testes

were crushed under coverslips to release their contents.

Twelve crosses were made in the backcross series including

two controls (Table 4-1). The number of eggs/female and

percentage hatch were recorded for backcrosses and controls.

The second series of crosses was done between three

strains originating from California. One strain was

collected at the Jasper Ridge Preserve (JASP strain) just
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Table 4-1. Two sets of crosses made between the DAVIS
strain (D) and the WASH strain (W) of Anopbe-les
freeborni. The first letter of the backcross hybrids
represents the female parent.

EXPERIMENT 1
Parental Crosses

Female Male

W X W
D X D
W X D
D X W

EXPERIMENT 2
Backcrosses and Controls

Female Male Female Male

D X D W X W
DW X D WD X W
DW X W WD X D
DW X DW WD X WD
DW X WD WD X DW
D X DW W X WD
W X DW D X WD

West of Palo Alto and ca. 16 km from the coast (Table 3-1,

Fig 3-2). This population appeared to be fixed for In(X)A

(Table 3-2). Another strain was collected at the north end

of Clear Lake (LAKE strain) in Lake County, California.

This population was polymorphic for the inversion on the X

chromosome (Table 3-2). The third strain was the DAVIS

strain.

Pupae and adults were treated in the same manner as

described above. At the time these crosses were made, the
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LAKE and JASP strains had only been maintained in the

laboratory for one generation. Since it was not yet

determined whether the JASP, LAKE AND DAVIS strains would

mate freely when combined in tubs, the parental crosses were

done by forced copulation. Soon thereafter, it was

determined that all strains would mate freely; thus, the

subsequent backcrosses were done without forced copulation.

The backcross series included a total of 33 different

crosses including 3 controls (Table 4-2). Because there

were few mosquitoes in the F1 generation of the JASP and

LAKE strains, and because of a lack of space, fewer numbers

of females/cross (3-9) were used than in the previous

crosses between DAVIS and WASH (9-19).

Ovarian polytene chromosome preparations were made of at

least 10 female progeny from each parental cross. These

females were bloodfed and held at ca. 27 C for 28 hours.

The preparation of the polytene chromosomes was essentially

that described by French et al. (1962). Polytene

chromosomes were checked for banding pattern homology and

the degree of synapsis between homologous chromosomes.

Basic summary statistics of the data were obtained using

SAS (Statistical Analysis Software). A one way analysis of

variance (ANOVA) was used to compare mean values of the

number of eggs laid/female, the percentage of eggs hatched,

the number of pupae produced per egg batch, the number of

adults emerging, and the sex ratio. The parental crosses,
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and the backcrosses and controls were, were analyzed

separately by ANOVA.

Table 4-2. Crosses made between the LAKE strain (L),
the JASP strain (J) and the DAVIS strain (D) of
,&nophelgs LreebrnIi. The first letter of the backcross
hybrids represents the female parent.

EXPERIMENT 1
Parental Crosses

Female Male Female Male

D X D L X D
3 X 3 J X D
L X L J X L
D X L L X 3
D X J

EXPERIMENT 2
Backcrosses and Controls

Female Male Female Male

D X D D X DL
D X DJ D X LD
D X JD DL X D
DJX D DL X L
DJX DJ DL X DL
DJ3X 3 X J
J X DJ 3 X JL
J X JD J X Li
JDX D JL X J
JDX JD JL X L
JD X J JL X JL
L X L L X JL
L X LD L X Li
L X DL 12 X L
LD X L 1J X 3
LD X D Li X Li
LD X LD
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Results

Based on samples of each laboratory strain's polytene

chromosomes, it appeared that the JASP, DAVIS, LAKE and WAS-:

strains were homosequential (same banding pattern). The

latter three strains, however, were polymorphic for one

inversion on 3L (In(3L)A) and one on 3R (In(3R)A) (both

described by Frizzi and De Carli 1954, and Kitzmiller and

Baker 1963). The WASH and DAVIS laboratory strains had the

standard X chromosome karyotype, whereas the LAKE and JASP

laboratory strains were fixed for In(X)A. All strains mated

freely with each other and produced viable offspring.

DAVIS X WASH Crosses

In the series of parental crosses between DAVIS and

WASH, no significant differences were observed in mean egg

production, % egg hatch, and % adult emergence (Table 4-3).

The sex ratio (males/females) ranged from 1.07-1.48, but

there were no significant differences between any of the

crosses (P = 0.05). Although the two reciprocal crosses

differed significantly from each other in the mean number

of pupae produced, neither cross differed from the

controls.

Backcrosses did not differ significantly from controls

in mean number of eggs laid, percentage hatch, and

percentage adult emergence. The sex ratio (males/females)

ranged from 0.91- 1.36, but none were significantly

different (P - 0.05).
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Table 4-3. Mean number of eggs/female,
4 hatch, 4 pupation, and I emer-gence of
adults from crosses between the DAVIS
(D) and WASH (W) strains of An.
freeporni. Means in same column and
experinent, followed by the same letter,
are not significantly different
(P = 0.05). Separate ANOVAS were done
for each experiment (set of crosses).

EXPER114ENT 1
Parental Crosses mid Controls

Eggs/ %
Cross N Fsei Notch Pu.pation Ever-gence

W x W 17 131a 70.2a 61.3mb $9.3.

O x D 17 135a 75.9a 64.1ab 92.7a

W x D 19 16 72.'. 51.9b 92.2.

0 x Is 18 26. 66.3. 74.1. 92.58

EXPERINEWT 2
backeraes and Controls

Eggs/
Cross N Fewsle hatch pupation E.argence

0 X D 10 11mob 95.4.. 62.4ef 93.9mb

W x W 9 2mab 96.4a. 31.Sg 94.9mb

DW x D 10 97b 93.1. 63.1sbc 90.3mb

Ow x W 10 153a 77.5a a3.2abc 91.3ab

OW X DW 10 25mb W1.4m 1.76bc 89.8mb

D x OW 9 20ob 92.7. 79.Sabcd 67.4b

W X DW iC 29ob 90.9s 92.8. 92.2ab

kt x h 9 38ob 92.9o S .9abc 93.9ob

WD x D 9 4.6mb 95.0. 83.5sibc 94.1ob

O x WD 0 153a 94 ..9a 57.0ab 91 .3&b

U x WD 10 27mb 84.4.. 66.8cdef 92.4mb

v x WD 9 152a 93.7a 75.6abcde 90.7mb

DW X W 10 93b 93.4. 90.8mb 96.2mb

WD x OW 10 We1b 76. m 86.9mb 97.4a
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Ten of twelve backcrosses produced a significantly

higher percentage of pupae than controls; in effect,

post-hatch mortality was significantly lower among

backcrosses. The controls in the backcross series differed

significantly from each other in percentage pupation,

although this difference was not evident in the parental

crosses.

The testes of the hybrid F1 males were similar in

appearance and amount of sperm as those of controls, and all

genitalia appeared normal. The chromosomes of Fl hybrids

synapsed equally well as those of the controls (Fig. 4-1),

and the same inversion heterokaryotypes and homokaryotypes

were present. Certain regions on chromosomes 2 and 3 had a

propensity to asynapse (see Figs 3-4, 3-8, 3-9, 4-1). On

chromosome 2, a region around both sides of the centromere

was often split. On chromosome arm 3R, asynapsis sometimes

occurred between the centromere and subzone 32B. On 3L,

asynapsis sometimes extended from the centromere to subzone

35D. These asynaptic zones, however, were not consistent

among or even within one individual. Sometimes different

chromosomes from the same preparation showed varying degrees

of asynapsis. Furthermore, these regions were equally

likely to asynapse in the controls. There did not appear tc

be any differences in banding pattern between homologous

chromosomes in asynaptic regions (eg. duplications or

deletions) that could explain the lack of pairing.

Apparently, the amount of pressure applied to the chromosors



Figure 4-1. Hybrid polytene chromosomes of progeny from crosses
between Wash and Davis strains. A) Chromosome 2; B) chromosome 3;
C) X chromosome. Arrows point to centromere (c) and asynaptic
regions (a).
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preparation contributed, in part, to the presence or degree

of asynapsis.

Table 4-4. The mean number of eggs
laid/female, 4 hatch, 4 pupation, and%
emergence of adults for crosses made
between the DAVIS (D), LAKE (L) and JASP
(J) strains of AL freori Means in
the same column, followed by the same
letter, are not significantly different
(P - 0.05). Separate M4OVAS were done
for each experiment (set of crosses).

EXPERIMNT I
Parental Crosses mid Controls

Eggs/ %%
Cross N Famale Notch Pu~pation Emrgen~ce

o X 0 6 U~ab 61.3a 73.9a 91.38
J X .1 9 119ab 64.2a 53.0. S7.48
L X L 5 118ab 79.6a 59.0. 88.6:
O X L 3 93b 86.1. 73.9. 100.0.
D X .1 5 159a 93.2. 80.4. 98.3&
L X 0 4 156ab 76.4. 76.8. 87.9a
J X 0 9 We7b 93.9a 712. 65.9.
J1 X L 9 Mo6b 82.2a 67.4. 69.98
L X Je 3 163a 57.5& 56.3a 61.8.

EXPERIMENT 2
Backcrosses "~ Controls

Egsu/ % Eggs/
Cross N Femle Hatch Cross N Femle iwatch

D XKb 5 94ab 78.6abed JID XKD 1 34a 99.1.
L X L 4 104mb 70.3&bcd AO X J 6 94mb 62.2cd
J X 1 6 00mb 55.1de L X LbID 12Mb 96.84b
0 X DJ 8 I0oab 16.6f L X DL 5 142. 90. lmbc
Di X Di 6 142a 25.5ef Lb X L S 2Mob 91.9ab
i X D.1 6 116ab 19.31 Lb K 0 4 118mb 96.5mb
J X Li 3 64b 30.6el Lb X Lb 6 117ob 83.8abcd
L X Li 3 119&b 3.3f 0 X DL 6 122ab 96.9ab
LJ X L 6 1284b 0.0f D X Lb 5 98mb 92.1abcd
O X JD 8 104gb of VLKXL 5 6Tb 74.7mbcd
J K JD 6 118mb Of DL X DL 4. 1Mob 96.2mbc
Ao X JD 4 122ab Of DL X D 4 1418 76.8abcd
L X JL 4 998b Of JL XJ 4. tO7ob S0.Sef
J1 XJL 4 95ab of JLKXL 5 105gb 72.Tebcd
JL XJL 5 90&b 0f LJ XL 6 78ab 74.6maed
D X D 6 97&t 95.2mbc LJ XJ 6 Q8ob 119.9ab
Dj K .1 4 121mb 95.1obc
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LAKE, DAVIS and JASP Crosses

In the parental crosses between the LAKE, DAVIS, and

JASP strains the controls did not differ significantly

frcn the reciprocal crosses in the mean number of eggs

laid/female, in percentage egg hatch, the percentage of

individuals pupating, and the percentage of individuals tc

emergence as adults (Table 4-4). The ratio of females to

males was also not significantly different among parental

crosses (P - 0.05).

All F1 hybrid males from crosses between the LAKE and

DAVIS strains had genitalia and quantities of sperm that

were similar to those observed in the controls. F1 hybrid

males from crosses between LAKE or DAVIS strains with the

JASP strain, however, were completely or partially sterile.

When the male parent was from the DAVIS or LAKE strain and

the female was from the JASP strain, the hybrid male progeny

had no sperm in their testes (Fig. 4-2). Althougn the

genitalia appeared to be normal, the testes were often

translucent and smaller than the controls. F1 hybrid ma2es,

from crosses in which DAVIS or LAKE was the female parent,

had varying amounts of sperm in their testes. The amount

varied from none to quantities that looked neaz normal. In

general, the testes were filled with what appeared to be

globular spermatocytes and partially developed spermatozoa

(Fig. 4-2).

The results of the backcross series substantiated the

results obtained from the dissection of hybrid males. All

.. . I I - I I I



Figure 4-2. A-B) Complete reproductive tract, and squashed testes
of hybrid males from crosses between the Lake and Davis strains;
C-D) complete reproductive tract, and squashed testes of hybrid
males from crosses where the female parent was from the Davis or
Lake strains and the male parent was from the Jasp strain; E-F)
complete reproductive tract, and squashed testes of hybrid males
from crosses where the female parent was from the Jasp strain and
the male parent was from the Davis or Lake strains.
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crosses involving hybrid males, in which DAVIS or LAKE had

been the parental male, produced eggs that did not hatch

(Table 4-4). Nor did the eggs contain any stage of

embryonic development. In the reciprocal crosses, the

percent hatch was significantly less than the control hatch,

and unhatched eggs also contained no embryos.

There were no significant differences between controls

and backcrosses for the number of eggs laid/female. All

hybrid females were fertile and had a similar percent hatch

as controls when backcrossed to either parental strain.

Many of the backcrosses had a percent hatch that was higher

than the controls, indicating possible heterosis, but none

of these differences were significant.

The ovarian polytene chromosomes of hybrid progeny did

not differ from controls in the amount or degree of

synapsis, or in banding pattern (Fig. 4-3, 4-4, 4-5).

Again, chromosomes 2 and 3 had areas with a propensity to be

asynaptic in the same zones and in the same manner as

described above. The X chromosomes of hybrids between the

LAKE and JASP strains synapsed completely, although there

was, again, a propensity for the two to be split near the

centromere (Fig. 4-5). All hybrids from crosses between

JASP or LAKE to DAVIS were heterokaryotypes for In(X)A (Fig.

4-3, 4-4).
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Unlike many examples among the D ila, as yet there

are no sibling species of anophelines that, when crossed, dc

nct produce some degree of sterility in the hybrid progeny.

This is true even when sibling species are homosequential in

polytene banding pattern. An. atroyarvus and An.

labranchiae, for example, are homosequential species in the

Palearctic maculiDennis group and produce sterile male

hybrids (Bianchi 1968).

The degree and cause of sterility between species varies

greatly, but it is generally true that post-zygotic barriers

exist between most sibling species of culicids (Kitzmiller

et al. 1963?, Kitzmiller 1976). In such crosses, eggs may

not hatch, or larvae may only reach a certain instar of

development; sex ratios can also be skewed, and adults car

be malformed or sterile. In crosses where adults are

produced, it is almost always the males that are sterile.

Males may be sterile in only one of the two reciprocal

parental crosses or in both. Of the 30 possible crosses

between six sibling species in the An. gambiae complex, all

but two produce sterile males (Davidson 1964, Davidson and

Hunt 1973).

In this study, sterile hybrid progeny were produced only

when the JASP strain was crossed to either the LAKE or DAVIS

strains. Hybrid males were completely sterile in one

parental cross and partially sterile in the reciprocal

cross. The cause of sterility was due to a complete lack or
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small quantity of developed spermatozoa in hybrid males.

This pattern of sterility is identical to that found by

Fujioka (1988) when he crossed An. hermsi to An. freeborni!

in both directions.

Cytoplasmic incompatibility between strains due to

symbionts (Barr 1980), or the movement of transposable

elements do not appear to offer good explanations for the

sterility observed in crosses of &n. hernsi and An.

freeborni. Cytoplasmic incompatibility, as observed in

natural populations of Q 2 L., is maternally

inherited and causes sterility in the parental generation;

in effect, the parental female deposits an egg raft that

generally fails to hatch.

Transposable elements can cause an effect termed hybrid

dysgenesis. Hybrid dysgenesis occurs when an individual

from a strain lacking a particular transposon (e.g. P

element in Drosophila) is crossed to a male from a strain

having the transposon. Therefore, dysgenesis occurs

(almost exclusively) in just one of the two

reciprocal-cross hybrids. Hybrid dysgenesis is

characterized by substantially elevated rates of mutation,

chromosomal rearrangement and illicit recombination in males

(Drosophila). Dysgenic sterility in Drosophila is usually

more pronounced in females (Engels 1980).

In this study, sterility was limited to males and was

present in hybrids from both reciprocal crosses.

Furthermore, fecundity and fertility of hybrid females was
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not significantly different from that of controls,

suggesting that massive disruption of germline genetic and

developmental integrity (characteristic of hybrid

dysgenesis) has not occurred.

With respect to the ovarian nurse-cell polytene

chromosomes, the JASP strain is identical to that described

for An. hernsi in being fixed for the inversion on the X

chromosome (Barr 1988). The JASP strain was also not

polymorphic for any inversions (see Chapter 2), which is

consistent with the description of An. hermsi by Menchaca

(1986). Furthermore, a rDNA analysis (Table 2-7) of the Jasj

strain found it to have the same restriction fragment

pattern as that of An. hermsi. Finally, the JASP strain was

collected as larvae (in all instars) and adults during the

month of October. An. freeborni is generally not known to

be in early larval stages during this month, but, rather,

are adults entering gonotrophic dissociation and migrating

to overwintering sites (Bailey and Baerg 1966, Bailey et al.

1972, Washino 1970).

It is clear, then, that the JASP strain is probably An.

hermsi and that the X chromosome does not distinguish it

from An. freeborni. The LAKE strain, for example, shares

the same type of X chromosome with the JASP strain, but

hybrid males of these two strains are partially or

completely sterile. On the other hand, no sterile progeny

are produced when the LAKE and DAVIS strains are crossed,
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even though both are fixed for opposite X chromosome

karyotypes.

There is no indication from the results of the

hybridization experiments and the comparison of the polytene

chromosomes that the DAVIS, LAKE and WASH strains represent

two or more sibling species. If these three strains are

conspecific and if the JASP strain is indeed An. hermsi,

then this is the only other known example (apart from An.

labranchiae and &D. atroarvus) in the culicids of

homosequential sibling species.

Are An. hermsi and An. £e truly homosequential

species? Baker (1965) was the first investigator to compare

polytene chromosomes of both species, produce hybrids, and

make observations on the hybrid polytene chromosomes. He

emphasized the identical banding pattern between An.

freeborni and "southern occidentalis", and commented on the

complete synapsis of chromosomes in hybrids (except for

regions in the centromere areas). Morrison (1985), who

prepared a map of the ovarian nurse cell polytene

chromosomes of An. hermsi, also noted the great similarity

of banding patterns between both species. She stated that

there could be some minor banding differences, but

acknowledged the difficulty in confirming them due to

variable banding expression and resolution in different

chromosome preparations. Morrison (1985) made no

observations on the hybrid chromosomes of both species.

Although Menchaca (1986) stated that the polytene
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chromosomes of An., hermsi and An. Qrni were almost

identical in banding pattern, she thought there were certain

minor differences at the free ends of chromosome 2 and 3.

These minor differences were unspecified and not evident in

this study or that done by Baker (1965). In addition, Baker

(1965) studied specimens of &A. hermsi that originated in

the same general location as those collected by Menchaca

k1986). An example of how two investigators can interpret

the banding pattern of the same chromosome differently is

illustrated in Figure 4-6. The maps of the X chromosome are

so different that they hardly appear to be from the same

species. Yet, the samples of An. hermsi studied by both

investigators were obtained in Orange County, California

(ruling-out variation between distant geographic strains).

Perhaps the best "proof" of complete homosequential banding

is not the interpretation of banding patterns from

photographs or maps (necessarily having a certain subjective

element), but a study cf synapsis of hybrid chromosomes. In

this manner, one can observe both homologues side by side

and check asynaptic regions band by band.

Menchaca (1986) observed hybrid polytene chromosomes of

both sibling species and stated that there were asynaptic

areas in certain zones of chromosomes 2 and 3 that showed

band-for-band homology. It is very difficult from her

photographs of the hybrid chromosomes, to ascertain the

presence and degree of asynapsis mentioned. Those zones

where asynapsis is visible without doubt are areas that are



Figure 4-6. A) The salivary gland polytene chromosome 
map of An.

hermsi as described by Menchaca (1986). B) The salivary

glandpolytene chromosome map of An. hermsi 
as described by Baker

and Kitzmiller (1963).
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commcnly asynaptic in An. freeborni anyway (see Chapter 3).

The other zones she mentions, where asynapsis could be

considered minor or questionable, are zones that also sho;:

minor asynapsis in An. freeborni. As stated earlier, these

particular asynaptic regions varied within and between

chromosome preparations suggesting they were, in part,

artifacts. The propensity for these regions to split apart

during preparation, however, did appear to increase in

hybrid polytene chromosome preparations.

In this study, synapsis and asynapsis in hybrid polytene

chromosomes was qualitatively no different than that found

in the parental lines. Banding patterns appeared to be

identical between both species in accordance with Baker

(1965). Since Menchaca (1986) found band-for-band homology

in the asynaptic areas of hybrid polytene chromosomes

(including both free ends of chromosome 2 !), and since al'

other regions are perfectly synapsed (presumably because

their banding patterns are identical), it is probable that

An. freeborni and An. hersi are indeed homosequential.

Finally, Menchaca (1986) stated that the polytene X

chromosome of An. hermsi was shorter than that of An.

freezorni. She did not, however, mention the amount of

variability (standard deviation or variance) observed in her

measurements of An. hermsi nor what measurements she took cf

An. freebcrni, if any. Judging from her photographs of

polytene X chromosomes obtained from An. hermsi, the

variation in size was great. In this study, the X
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chromosome of the LAKE strain (An. freeborni with X(In)A,

synapsed perfectly with that of the JASP strain (An.

hermsi) (Fig. 4-5). If the LAKE strain is An. freeborri,

then this complete synapsis demonstrates that both X

chromosones are the same size.



CHAPTER 5

ELECTROPHORETIC ANALYSIS OF ANOPHELES FREEBORNI

Introduction

Studies of soluble enzymatic protein differences

controlled by alleles at a single locus (allozymes) can be

assayed through electrophoresis and provide information

about genetic variation in natural populations. This

technique has several desireable features including the

simultaneous assay of many enzyme systems per individual an.!

simple mendelian inheritance of electromorphs without

dominance at most loci. Electrophoresis, therefore, makes

possible the measurement of the amount of genetic

differentiation between populations. Geographically

isolated populations are subject to various directed and

random forces that act to differentiate allele frequencies

between them.

The results of enzyme electrophoresis of a single

population can be useful in indicating the presence of two

or mo-e genetically isolated sibling species (Makela and

Richardson 1977). Reproductive isolation of two or more

species is suspected when the frequency of heterozygotes for

a particular set of alleles is significantly different tha7

that expected under Hardy-Weinberg equilibrium. Thus, enzy'mE

electrophoresis can also uncover diagnostic or

127
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discriminatory loci that are useful in distinguishing

sibling species. A locus is defined as diagnostic if an

individual can be assigned correclty to one of two species

with a probability of 99% or higher (Ayala and Powell 1972,

When two populations are sufficiently different at several

loci, it is one reason for questioning their conspecificity.

The purpose of this investigation was to study the

population genetic structure and divergence of a number of

closely and widely separated geographic populations of

Anopheles freeborni. Since sibling species are very conron.

in anopheline mosquitoes, this study also attempted to use

enzy e electrophoresis to determine whether An. freeborni

was actually a species complex.

Materials and Methods

collection Sites

Specimens of An. freeborna were col.ected from areas in

California, Oregon and Washington during July- October,

1988. In California, many areas throughout the Sacranente o

Valley were sampled as well as several locations in the

coastal range (Clear Lake), two locations in the Owens

Valley, and one location near Palo Alto 16 km from the coast

(Table 3-1, Fig. 3-2). When larvae were collected, these

were reared in plastic tubs covered with screening and were

fed a mixture of guinea pig chow, liver powder, hog chow arn

yeast.
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Since not all samples collected above provided large

numbers of mosquitoes for enzyme analysis, only a subset cf

the samples from sites listed in Table 3-1 were used in th-s

electrophoretic study; a few collections of small sample

size from sites that were interesting cytogenetically

(populations apparently fixed for In(x)A) were also

analyzed. The sites chosen for electrophoretic analysis

were: site 2 (Camino, CA), site 3 (Pleasant Valley Rd., CA,

site 6 (Sutter Co., near city of Sacramento, CA), site 6

(Knights Landing, CA), site 9 (Millers Landing, CA), site K

(Williams, CA), site 12, (Chico, CA), site 13 Tha-a, CA",

site 15 (Clear Lake, CA), site 18 (Jasper Ridge, CA), site

22 (Madras, OR), site 23 (Hermiston, OR), site 24 (Richland,

WA), site 25 (Yakina, WA) and site 26 (Uintah Co., Utah).

After specimens were collected, observations of ovarian

nurse cell polytene chromosomes were made from a sub-sample

of females from each location (Chapoter 3). The remainder

of each female's body and all other material collected were

stored at -80"C. Only adult mosquitoes were used in the

genetic analysis of field populations.

Electrophoretic Technique

The electrophoretic techniques, enzy-e system recipes,

and materials employed in this study were basically those

described by Steiner and Joslyn (1979). Gels were prepared-

as 12.5% solutions (w/v) of hydrolysed starch (Connaught

Laboratories, Ontario, Canada) in an appropriate buffer.
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An isoline was inbred and selected over several

generations to produce a line (DISO line) that was

honozygous for most enzyme loci examined in this study.

Electromorphs were scored by measuring the distance frc7

where the sample was inserted into the gel to the middle cf

the electromorph band. Electromorphs of the DISO line were

arbitrarily assigned a relative mobility value (Rf value, cf

10C; these served as control Rf values against which all

other electromorphs were compared. Therefore, other

electromorphs were assigned Rf values >100 (when the

electromorph had migrated further than the control) or <iC[

(when the electromorph had a slower migration than the

control).

Buffers

When employing starch-gel enzyme electrophoresis as a

tool for analyzing the genetic structure of an organisn, it

is necessary to determine which buffer systems are most

appropriate for individual enzyme systems used. The first

step in this study, therefore, was to compare three

different buffer systems Table 5-1) on a variety of enzy>6E

(Table 5-2) of An. freeborni. A table was then prepared

that matched each enzyme with the buffer syster that gave

the best separation and resolution of electromorphs (Table

5-3).

The three buffer systems that compared were CA-S,

Ayala-c, and 5.5. (Table 5-1). In most cases the no''s=u!
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sarples that were used in this comparison included 4th

instar larvae, pupae and adults. In this manner, it was

possible to determine the number of zones of activity

(possible loci) present for each enzyme system and identi'-

those zones that were restricted to each developmental

stage.

Table 5-1. List of buffers and recipes used for
electrophoretic analysis.

Buffer Buffer Adjusted Chemical Ingredients

System Type pH per Liter H20

Ayala-c Gel 7.0 1.09 g Trizma Base
0.63 g Citric Acid

Electrode 7.0 16.35 g Trizna Base
9.46 g Citric Acid

CA-8 Gel 8.45 9.00 g Trizma Base
1.90 g Citric Acid

*Electrode 8.10 166.40 g Trizma Base
66.00 g Citric Acid

5.5 Gel 5.50 2.60 g Trizma Base
1.80 g Citric Acid

Electrode 5.20 20.25 g Trizma Base
14.64 g Citric Acid

* The ca--hodc buffer chamnber received a 1:3 ratio of buffer
to H20; the anode received a 1:4 ratio of buffer to H20.

The next phase of this study was to determine whether the

sex, age, developmental stage, and physiological condition

of an individual affected the relative movement of

electronorphs for a given enzyme locus. For this purpose.
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an isoline was inbred and selected over several generations

to produce a line (DISO line) that was homozygous for most

loci of interest. After choosing the appropriate buffer

systen, from Table 5-1, each enzyme system was tested on

individuals from the DIS0 line that differed in the

variables mentioned above. In this manner, it was possible

to deter-mine those variables that change electromorph

mobility and appearance under specific buffer and enzyme

systems.

A third phase of this investigation was to determine the

inheritance pattern of various electromorphs at given loca.

This was accomplished simultaneously during an attempt to

map various loci of An. freeborni. Virgin males and females

of the DISO line were force-copulated to virgin males and

females of a laboratory strain which originated from a

collection made in Sacramento County, California (DAVIS

strain). After each female deposited her eggs, she was

electrophoresed along with the male parent. When both

parents differed in a number of alleles at particular loci

of interest, the F1 progeny were reared-through to adults.

Virgin progeny of both sexes from these female isolines were

then crossed to the homozygous DISO line. Again, both

parents from each mating were electrophoresed, and the

appropriate F2 families saved and reared to adults. These

progeny were then all electrophoresed and analyzed for

crossing-over events.
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Since different categories of enzymes (e.g. regulatory,

non-regulatory and variable-substrate enzymes) can show

varying degrees of polymorphism, the choice of enzymes

analyzed can bias the amount of variation reported. For

example, regulatory enzymes determine pathway rates and are

generally moderately polymorphic. Non-regulatory enzyres

maintain equilibrium between substrate and product and are

least polynorphic. Variable substrate enzymes, such as the

esterases, are often very polymorphic. For this reason,

enzyme systems from each category were chosen for this

electrophoretic study (see Tables 5-2, 5-3).

Statistical Analysis

An updated version of the Biosys-l computer prograr

developed by Swofford and Selander (1981) was used to

analyze allele variation within and between populations.

The program computes allele frequencies, measures of

genetic variability, deviations of genotype frequencies frc7

Hardy-Weinberg expectations, F-statistics, a variety of

similarity and distance coefficients, and constructs

dendrograms using cluster analysis and Wagner procedures.

Results

Enzyme Systems and Allozyre Loci

Each enzyme systen and its zones of activity

(presumptive loci) will be described briefly below. The



p

134

zones of activity have, sometimes, been tentatively referre:

to as loci even though the mode of inheritance and

independence of each zone has only been verified for sone

enzymes. Any effects on the appearance or migration of

electromorphs due to mosquito developmental stages or age

are also noted; no changes in electromorph mobility were

ever observed due to the sex of the mosquito. Male

mosquitoes often produced fainter electronorphs than

females, but this is probably due to their being much

smaller in size than females. It must be kept in mind thaz

the observations that follow are only applicable to the

three buffer systems tested in this study.

Table 5-2. List of enzymes, their abbreviations and
functional classification. NR = non-regulatory, R =
regulatory, VS = variable substrate.

Enzyme Classification

ACON Aconitase

ACPH Acid phosphatase NR

ADY Adenylate kinase R

ADF Alcohol dehydrogenase R

ALD Aldolase NR

AO Aldehyde oxidase R

AYPH Alkaline phosphatase N?

CAT Catalase NR

EST Esterase VS

FUM Furerase I
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Table 5-2 continued

Enzyme Classification

G-3PDH Glyceraldehyde-3-phosphate dehydrogenase P

@-GPDH @-Glycerophosphate dehydrogenase P

G-6-PDH Glucose-6-phosphate dehydrogenase P

Glut Glutamine dehydrogenase R

GO Glucose oxidase

GOT Glutamate oxaloacetate transaminase N

HAD Hydroxyacid dehydrogenase

HK Hexokinase R

IDH Isocitrate dehydrogenase NPR

LAP Leucine aminopeptidase

LDH Lactate dehydrogenase NR.

MDH Malic dehydrogenase NP

ME Malic enzyme P

MPI Mannose phosphate isomerase -

0DM octanol dehydrogenase VS

PEP Peptidase VS

6PGD 6-Phosphogluconate dehydrogenase NP

PGi Phosphoglucose isonerase P

PGM Phosphoglucornutase R

XDH Xanthine dehydrogenase P
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Iabe 5-3. Coeiparison, in 3 buffer system , of .mzywm system in larvae C..),
P~pe (P) "ard s(tg (A) of An,. lirtILOri. E a exceil, Mt (thettrOZYgotes
discernabLe), G x good (hettrozygotes discernobte, but poor resolution),
P - poor (hettrozygotes not notumlly discerrrable or aftear/), B z bed (borids
very faint or weary, 0 a bonds absent or vtry faint. Ernzyvr* activity isshw
for adult =sqitoes only: *a strong activity, # wderate activity, weak
activity, ii * absent or very week.

Buffer Systemi

5.3 CA-$ Ayata-C
Enzyye_______ ______

Locus ACtiv. L P A L p A L. P A

Aco-I mr WO ED WD No E MD MD E
Aci- I G G E G G G 0 0
Ad"_ - IND ND NZ RD RD E ND Wt E
Adr-2 R D ND ND ND RD E No NDI 6

Ad3 * No No ND RD No G No KD 9

aC- 0 G G G 0 a B

Ac-I No ND E No No 6 RD No E
3kr- a 0 0 E ND0 No E E p

ii P P P P P P & B B
/k- ND No G E E G E B 9
*k:_ # ND ND ND G 6 G a G G

Bstd 4 ND ND G G a B B E

Est- / D ND G E G E E G E
F ix - ' 1 ND ND 6 V p B 6 6

28p- ND ND ND ND ND ND B B B
O-Gd1 * 0 0 G 0 D E 0 0 E
r~i& - a 0 a 0 a a 0 0 0 0

DCt- 8 0 0 0 0 0 0 0
1 B G G p a 6 B 9

Go- ND ND No G C E a a a

____ I N D ND ND ND ND ND E P P
%ac-' R D ND ND E E F ND ND E

4k'! ND No No 0 0 E RD RD JE
Il4-? ND RD ND P p E ND No E

1111- ND ND f G E E ND ND E

N&z D ND G ND ND E 190 WD B

/O- G 0 0 E 0 0 6 0 0
Lopi 2 G 0 0 f 0 0 G 0 6
1.61:1 / 0 0 E 0 0 a 0 0
L&P / 0 9 0 0 p 0 0 P 0
L%_ p 0 6 p 0 0 P 0 6

/dM- 6 0 P ND ND ND t 0
L&- D 6 F RD ND ND 6 0 p

01- / 0 0 P ND NO ND 0 0 P
4~ -1 . No ND ND E E E E E E

Ne 1 E E E E E E E B E
Me-2 R D ND ND 0 0 B 0 0 E

5 9 S S D ND E E E

~zp. / B 0 0 B 0 0
Pe 2 G C 0 1 G 0 8 WD 0

Pe/ ND ND ND p p P p P P

NL5 D No 61D B f I E E E
WOc- * D D ND 0 0 G 0 p E
R D No NO G 6 6 E E E
R D ND) E P G G G C E
It'~ 8 a a I a 6 B a B

/ D ND P ND ND P D 0 9
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ACON

This enzyme system produces two zones of activity, the

slower migrating band being very faint (Fig. 5-1A). Ad-lts,

larvae and pupae seem to have similar enzyme activity. A-

can be developed on the same gel slice, without overlap of

bands, by the addition of benzaldehyde or other aldehyde as

a substrate.

ACPH

This enzyme system has one zone of activity which is best

seen on CA-8 buffer. Bands are generally darker in pupae

and larvae, and very faint in adults (Fig. 5-1B).

ADY

This system has three zones of activity with good to pocr

resolution of heterozygotes (Fig. 5-ID). Since the alleles

observed in this study have mobility values (Rf values) that

are very similar, ADK should be run so that the bands are

separated as much as possible (i.e. gel should be run for

long time). Adk-l and Adk-2 show no bands, or very weak

ones for larvae and pupae; adults have moderate to weak

bands. In Adk-3, however, larvae and pupae have darker

bands than adults when CA-8 or 5.5 buffer systems are use:.

In Ayala-c, the difference in band intensity at Adk-3

between adults, larvae and pupae is minor. To deve2lop this

system, the gel slice must be incubated in the staining

mediur for at least an hour to produce readable bands.



0*

m 0

(V V

w E-4 (a 4-j 4j

0 4) 0 0

uo4 0 0 '0Q

>q v c r 0)
*N -4 4) 4J I

0f0 4) tr

0O0 0

(V x 0 a4)6)(
0 wi b4 C

Li 41 oU2
0 a) U Vt

4- V)-4 u a
>.C ) C

it (V ) it m )

QV ~0 )4V

MV4-4 0 41
4-4 -,1 JI

C0(V0 410

m 4C 4.D
O'~U-4

- -4 0 r- 0 0 U.

(6m)wc I a'

Cf -4 >

s-4 -m *>N

I 1 O0 00
t-4 . 0,= -4t
0 -r - V

C.= 4) 0
,4* aV 10 F.C

P4 0.4 V2



139

0.

4 *.

0+

4VC



140

ADH

Nr' readable bands were detected in any buffer system.

AKPH

This enzyme has a single zone of activity with an

extremely slow mobility (Fig. 5-iC). Bands are smeary and

generally visible only in larvae.

ALD

Very faint or no readable results were obtained with thi-

enzyme in any buffer system or mosquito stage of

development.

AO

This enzyme system produces one zone of activity and is

quite polymorphic in An. freeborni (Fig.5-1E). Although the

Ayala-c buffer system gives the most readable bands, these

are still often smeary or faint. The electromorphs seen on

Ao are often found as a contaminants on other gel slices

that are being incubated for other enzyme systems (Figs 5-

2B, 5-3A). Blood-fed females and old pupae produce darker

bands than other stages. Ao can be stained on the sane gel

slice along with Acon.

CAT

This system produces a single zone of activity with very

slow mobility in all three buffer systems (Fig. 5-2A). h.
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best buffer system for this enzyme was found to be CA-8.

The activity of this enzyme is so high that bands are very

large and smeary. For this reason it is usually not possibie

to resolve heterozygotes, particularly since the

electromorphs have very small Rf value differences. Larvae

and pupae produce darker bands then adults.

CY

This enzyme appears to have one zone of activity that is

dark in larvae and pupae, but faint in adults (Fig. 5-2B).

Bands are generally very blurry.

EST

This enzyme system produces five, possibly six zones of

activity (Fig. 5-2C, 5D). The Est-l locus, the fastest zone

in adults, is odd in that individuals can have one, two or

three bands. This zone may actually represent two

overlapping loci, but this possibility has not been

confirmed. The Est-2 locus is slightly slower than Est-I

and has pink bands; larvae and adults have darker

electromorphs than do pupae. All other loci have tan to

dark brown bands. Est-l, Est-3 and Est-4 appear to be quite

polymorphic. Larvae have very dark bands in the Est-4

locus. Est-5 is very faint for all stages of developrent.

There may be another zone of activity that is specific to

larvae and pupae and has a mobility intermediate between

Est-4 and Est-_. The esterases seem to have a very short
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shelf-life, even when kept at -80"C. Thus, if samples are

not analyzed soon after collection, the esterase loci becc-e

unreadable (very faint).

FUZ

Very faint or no zones of activity detected with any

buffer system.

GLUT

No zones of activity detected for any stage of

development.

GO

This enzyme system produces one zone of activity that is

very weak in adults but darkly staining in larvae and pupae

(Fig. 5-3A). It is not polymorphic and is better resolves

in CA-8.

GOT

Two zones of activity are present (Fig. 5-3B). The locus

Got-I can be very polymorphic in some populations, whereas

Got-2 has very slow mobility and almost no polynorphis7.

Adults, larvae and pupae seem to have similar enzyme

activity in both loci.
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@-CPDH

This enzyme system produces one zone of activity with

very dark bands and is essentially monomorphic (Fig. 5-3C).

Larvae and young pupae have very faint bands, if at all.

G6PDH

No zones of activity detected for any stage of

development.

HAD

This enzyme system appears as one locus with slow

mobility and little polymorphism (Fig. 5-3D). Females that

have had a recent bloodmeal produce bands that are smeary cr

have a faster Rf value than normal. Sometimes three bands

are produced giving the false impression of a heterozygote

(false heterozygotes). This enzyme can be stained together

with MDH on the same gel slice.

8K

This enzyme system produces two zones of activity with

fairly dark bands (Fig. 5-4A). In adults, the electronorphs

in the first zone are very dark, but are faint in pupae an'

larvae. The second zone of activity appears as double banis

(perhaps a third locus?). Electromorphs in the second zone

of activity are darker in pupae and larvae than they are in

adults.
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IDH

This enzyme system produces two zones of bands that are

very darkly staining (Fig. 5-4b, 4C, 4D). IDH is so active

an enzyme that the last slice of any gel will always give

readable bands. This enzyme system should be analyzed with

CA-8 buffer only, since the locus Idh-2 has an extremely

slow migration in 5.5 and Ayala-c buffers. Recently blooded

females will produce smeary bands, false heterozygotes or

blanks (no band whatsoever) for the Idh-I locus. In CA-S

buffer, larvae have single bands, pupae have single, double

or triple bands (1-2 secondary bands), and adults (less tr-.n

24 hrs post-emergence) have triple bands (1-2 secondary

bands). In Ayala-c, larvae, pupae and teneral adults have

two banded patterns or a very faint third band; larvae and

young pupae have fainter bands than do old pupae and adults.

Mosquitoes that were more than 7 days old had fainter bands

than younger adults in all three buffer systems. For the

locus Idh-2, larvae have fainter bands than adults and

pupae, but all stages have a single band.

LAP

This enzyme system has five zones of activity (Fig.

5-5A). The first three zones have very fast mobility and

only larvae have darkly staining bands. The fourth zone is

dark-staining in pupae only and the fifth zone is only

visible for larvae. All electromorphs are usually smearj.
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LDH

This enzyme system produced three zones of activity in

teneral females and males only (0-24 hrs post-emergence);

larvae, pupae and non-teneral adults had no bands.

This enzyme can be stained together with HAD on the san7e

gel slice (Fig. 5-5B). It has one locus with negligable

polymorphism. Blooded females produce smeary bands and

false heterozygotes. Larvae, pupae and adults seem to have

approximately the same enzyme activity.

ME

This enzyme is very active (produces very dark bands) an

can be stained for on the last gel slice (Fig. 5-5C). Tw

zones of activity are present. Blooded or young females (I-

2 days after emergence) produce smeary bands, false

heterozygotes or fast Rf values for the Me-2 locus. The Me-

2 locus bands are more discrete in Ayala-c and are smeary in

CA-8 and 5.5 buffers. In Ayala-c buffer, Me-2 bands have a

slightly faster migration of electromorphs in larvae than :n

old pupae and adults; in 5.5 buffer the reverse is true.

The Me-2 locus shows very little polymorphism. Larvae and

pupae have fainter bands than do adults.



154

Tvc' zones of activity appear in this enzyme system (Fig.

5-5D). The Mpi-l locus has a fast mobility, moderate

activity, and its inheritance pattern shows that it is a

sex-linked monomeric enzyme. It is also polymorphic, havx'.z

at least 12 alleles (six of which are shown in Figure 5-6E,

6C). The Mpi-2 locus has a very slow mobility and is the

same single zone of activity found on gel slices stained for

6PGD. Furthermore, heterozygotes for the Mjj locus are

three banded, suggesting that this enzyme is a dimer. It

appears, then, that the M locus electromorphs are

actually due to 6PGD. For the Mvi-I locus, electromorphs cf

larvae and young pupae are very weak or not visible . Dar).

pupae (also referred to as 'old'), in which the adult is

soon to emerge, will have dark bands on the Mmi-l locus.

ODH

This enzyme system did not produce readable bands in any

buffer system.

PEP

This enzyme system appears to have five zones of

activity, two of which are restricted to pupae and larvae.

Rep-3 and P are usually the only two readable loci; the

Peo-4 locus is usually very faint or absent (Fig. 5-6D).
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6PGD

This enzyme system produces a zone of activity that is

identical to the second zone found on gel slices stained for

MPI (Fig.5-7A, 7B). The electromorphs of larvae and pupae

are very faint or absent. When Ayala-c buffer is used,

blooded females produce smeary bands with faster Rf values

(Fig. 5-7A: this effect is not seen in CA-8 buffer.

PGI

This enzyme system produces one zone of activity and has

a fast mobility (Fig. 5-7C). The gel slice stained for this

enzyme must be read immediately after bands appear, since

these soon smear and become impossible to score. No

electronorph differences are apparent due to sex,

physiological conditions, age or developmental stage. This

enzyme can be stained for on the same gel slice as that for

PGM.

PGM

This enzyme has one clear zone of activity with an area

of what appear to be secondary bands (Fig. 5-7C). The Eqg

locus is fairly polymorphic and has very dark bands (very

active). This enzyme is always possible to read fror the

last slice of a gel. Adults, pupae and larvae seer to have

sinilar enzyme activity in Ayala-c; in Ca-8 the larvae have

very weak activity. This enzyme can be stained together

with PGI.
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SODH

Very faint or no zones of activity detected with this

enzyme system in any buffer system.

XDH

This enzyme system produces one zone of activity (Fig. 5-

7D) that is equally resolved in CA-8 and 5.5 buffer syster.s.

In Ayala-c, bands are a little more blurry than those seen

on CA-B and 5.5 buffer systems.

An analysis of the populations variability of a species

through enzyme electrophoresis requires that the particular

loci being considered have electromorphs of heterozygotes

and homrozygotes that are easily distinguished. Some enzyrme

systems did not produce scorable bands in all the buffer

systems employed. Therefore, only enzyme systems that

produced bands with clear resolution of homozygotes and

heterozygotes were used for genetic analysis--these included

a total of 17 enzyme systems (24 presumptive loci) (Table 5-

4).

The inheritance patterns of electromorphs for various

presumptive loci were determined through crosses as

described in the materials and methods section. Two

allozyme loci were found to be linked to the X chromoscme,

Me-I and Mpi-. These two loci are also known to be X-

linked in Anopheles cuadrimaculatus (Lanzaro pers com.).
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Table 5-4. Enzyme and buffer systems use in the population
genetics analysis of Ano.heles Lreet_ 2ri.

BUFFER
CA-8 AYALA-C

ADK ACON

GOT AO

HAD EST

IDH @-GPDH

MDH HK

MPI ME

6PGD PGI

PEP PGM

XDH

In both species, Me-i is a tetramer (heterozygote consisting

of 5 electromorphs) and M is a monomer (heterozygote has

2 electromorphs) (Table 5-5).

Table 5-5. The maximum number of electromorphs present (in
natural populations and genetic crosses of Anopheles
freeborni) for heterozygotes of various enzyme loci, and the
presumed polymeric enzyme structure. NI = not investigated
by crossing studies.

Max. No. Electromorphs ObservedEnzyme _______________ ___ Presumptive

Locus Nat. Pop. genetic cross Structure

Acon-l 2 NI Monomer
Adk-2 2 2 Monomer
Ao-l 3 3 Dimer
Est-2 2 2 Monorer
Est-3 2 2 Monomer
Est-4 2 2 Monomer



162

Table 5-5 continued

Max. No. Electromorphs Observed

Enzyme Presumptive
Locus Nat. Pop. genetic cross Structure

Got-I 3 3 Diner
Got-2 3 NI Diner
k h-I 3 NI Dimer
Had-i 3 3 Diner
Hk-i 2 NI Monormer
Idh-I 3 3 Dimer
Idh-2 3 NI Diner
Mjh-i 3 3 Diner
Me-i 5 5 Tetraner
Me-2 5 NI Tetrarer
Mpi-1 2 2 Monomer
6Pqd-I 3 3 Dimer
Pey-4 3 NI Diner
Pci-I 3 NI Dimer

2 2 Monomer
Xdh-I 3 NI Dimer

Of the 24 loci examined in this study, the following 17

were monomorphic for most populations (Table 5-6): Adk-i,

Adk-2, Adk-3, Got-2, @-Grdh-1, Had-1, Idh-1, ldh-2, Hk-1,

Hk-2, Mdh-l, Me-1, Me-2, Pp-3, Pep-4, Pe_-5, 6Pcid-l and

Xdh-1. Consequently, mean heterozygosity values and the

percentage of polymorphic loci (Table 5-7) are relatively

low. These values, however, are low estimates because four

of the most polymorphic loci observed in this study (Ao-1,

Est-i, Est-3, Est-4) could not be scored reliably and,

consequently, were not included in the analysis.

Overall, the populations sampled from the Sacramento

Valley (sites 6, 8, 9, 10, 12, 13) had the highest mean

numbers of alleles/locus (1.9-2.8) and the highest

percentage of polymorphic loci (20.8-29.2) (Table 5-7). t.
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samples from Madras, Hermiston, Camino and Pleasant had the

lowest amounts of genetic variability, but this may be due

to smaller sample sizes available from most of these

lozaticns.

Six loci account for practically all polymorphism

observed in this study: Acon-1, Est-2, Got-l, Mpi1, Pi

and P-. For populations in California, mean

heterozygosity values are essentially due to two loci, Mpi-:

and Got-l (Table 5-8). The i locus was found to have at

least 13 alleles, 7 of which are shown in Fig. 5-6. In

populations from Washington and Oregon, the Got-i locus is

essentially fixed and mean heterozygosity values are due

primarily to polymorphism at the Mjj and Plm-1 loci.

Frequency clines for particular alleles among populations

sampled in California are not apparent. In Oregon and

Washington, however, allele A of the M and Plm-1 loci

has an obvious increase in frequency from Madras

(southernmost sample site), to Yakima (northernmost site);

at the Mp-1 locus, the frequency of the A allele is low in

Madras (ca. 0.04), but is the most common allele in Yaki,:a

(freq. A = 0.90) (Table 5-6). This allele is not common

among populations in California and is absent from Jasper

Ridge (site 18) and Camino (site 2). Outside of Washingtcn,

the A allele was common only in the sample collected in Utah

(freq. A = 0.82). Several alleles at Mpi-i that are found

among populations in California are not represented in

Washington and Oregon (e.g. alleles D, H and J). In
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Washington and Oregon, all populations were monomorphic fcr

Est-2 except for Yakima (site 25), Washington. Jasper Ridze

was distinguished by being monomorphic for Got-l, £aLI an4

Est-2, but polymorphic for Pep-4. Although this populat:. i

is known to be a separate species by other criteria used Jr.

this study, no loci were found that were diagnostic or

discriina..ng between it and An. freeborni. This does not

rule out the possibility that other enzyme systems will

provide diagnostic loci.
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Table 5-7. Genetic variability at 24 loci: Per-
centage of polymorphic loci, mean heterozygosity,
mnean number of alleles per locus, and mean sample
size per locus for populations of An~ee
freebo.i. Standard errors are in parenthesis.

Mean heterozygosity
Mean~ santte Mean no. Percentage ..........
size per of altetes of Loci Direct- dldywbs

Pop..lation Locus per locus poliiorhic' count expected"

1. RICHLAW' WA 69.7 1.9 20.8 .058 .059
(6.?) .2) C .027) ( .027)

2. HERMIS.TON, OR (63.6 1.8 12.5 .060 .060
(4.0) ( .3) .032) C .031)

3. YAKIMA, WA 46.4 2.0 20.8 .045 .05B
(4.2) C .3) ( .016) ( .018)

4. MADRAS, OR 10.3 1.3 16.7 .056 .067
(1.6) ( .2) ( .031) ( .036)

S. JASPER CA 44.5 1.8 25.0 .081 .093
(4.6) C .3) ( .031) C .034)

6. Sacrantnto, CA 52.6 2.8 29.2 .088 .106
5.8) ( .4) ( .037) ( .038)

7. MILLERS L.,CA 4.1.3 2.3 20.8 .088 .096
4.) .3) C .035) C .039)

S. WILLIAMS,CA 49.6 2.? 25.0 .089 .089
4.1) (.4) C .039) (.039)

9. KhIGHTS L.,CA 39.1 1.9 25.0 .100 .094
3.6) C 3) C .044) ( .040)

10. TEI4AMA, CA 41.0 2.1 20.8 .090 .093
4.4) c 3) C .037) C .039)

11. CNIC0, CA 30.1 2.0 25.0 .096 J100
3.0) ( 3) C.035) C.040)

12. CLEAR LAKE, CA 58.7 2.5 29.2 .089 .0915
4.7) (.4) C.032) C.035)

13. P.IASAN.' CA 9.5 1.5 25.0 .067 .082
C1.2) C.2) OZ.09) C.037)

14 CAMIbNz, CA 20.9 1.7 20.8 .041 .049
2.8) C.2) C.016) .019)

15. Ulh'Ao, U1 40.0 1.5 20.8 .065 .06'.
4.9) C 2) (.028) .027)

*A tocusa is considered potyfflorphic if th~e freque*ncy of the west comuri allaee
does not exceeo C.95

Ssiasec estimiate, see Nei (1978)
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Hardy-Weinberq Eauilibrium

The frequency of genotypes at each polymorphic locus

(0.95 criterion: a locus is considered polymorphic if the

most common allele has a frequency of 0.95 or less) was

tested for compliance with Hardy-Weinberg equilibrium

expectations (see Appendix A). A chi-square test is suspect

in cases where expected frequencies of some classes are lc-

(see Sokal and Rohlf 1969). Consequently, when more than

two alleles are observed at a locus, BIOSYS-1 pools

genotypes into three classes and repeats the chi-square

test. Three genotype classes result: 1) homozygotes for

most common allele, 2) heterozygotes for most common allele

and one of the other alleles, 3) all other genotypes. The

resulting chi-square value is used with 1 degree of freedc.

Nearly all polymorphic loci were found to be in

compliance with Hardy-Weinberg equilibrium expectations

(Appendix A); those cases where there appeared to be a

significant deviation from Hardy-Weinberg expectations were

invariably due to single mosquitoes that were monomorphic

for seemingly rare alleles. In such instances, it is likely

that these individuals represent sampling error, mistaken

readings of electromorphs on gels or possible null alleles.

F-Statistic Analysis

This analysis is a procedure for quantifying the genetic

differentiation of populations by F-statistics (see Wright

19E5, 1978: Nei 1977). Wright's F., value, or fixation



175

index, provides a measure of the genetic variation in the

population that is attributable to subpopulations; i.e.,

departure from panmictic expectations of allele frequencies

within sub-populations relative to those of the entire

population. When F., values are found to be significant (by

chi-square analysis), this indicates sigYLificant genetic

separation among these subpopulations. The chi-square test

for significance of gene frequency differences at each locus

among subpopulations is:

X2 = 2NFt (K-1)

with (K-i) (s-1) degrees of freedom, where N is the total

sample size, K is the number of alleles for the locus, and s

is the number of populations (Workman and Niswander 1970).

In this study, differences in allele frequencies between

sub-populations were evident among samples from different

geographic areas (e.g. California versus Washington). It

was not clear, however, whether frequency differences were

significant among proximate subpopulations within geographic

areas. The four most proximate populations within an

apparently homogenous ecological zone (central Sacramento

Valley) were Sacramento (site 6), Knights Landing (site 8),

Millers Landing (site 9) and Williams (site 10). All sites

were within a 80 km radius from each other and showed the

most similar allele frequencies observed in this study. F."

values were calculated for three of the most polymorphic

loci among these four populations: Got-1, M and P

(Table 5-9). Both P and Mpi-1 had F, values that were
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highly significant (P < 0.001). When F., indexes were

calculated for all populations within California, all three

loci had highly significant values. Ft values

forsubpopulations in Washington and Oregon were also highly

significant. Highly significant F., values were also

obtained when Utah was clustercd with a population from

either California or Washington.

Since a frequency cline in the A allele (Rf = 100) at

the P and MpiI (Rf = 100) loci was apparent in Oregon

and Washington, F., values were calculated among all pairs

of samples (Table 5-10). F,t values for M.jj were

significant between all pairs. F., values for the Pgr-1

locus were significant in all instances, except between

Madras and Hermiston (both within Oregon).

Table 5-10. Summary of F-statistics at the Pgm-l and Mpi-i
loci for pairs of samples collected in Madras and Hermiston,
Oregon (sites 22, 23), and Richland and Yakima, Washington
(sites 24, 25).

Pgm-I Mpi-l
site
pair Fst Chi-sq. P Fst Chi-sq. P

Mad:Her .010 4.62 .200 .066 32.34 .001

Mad:Ric .039 29.72 .001 .154 167.86 .001

Mad:Yak .046 18.22 .001 .380 209.76 .001

Her:Ric .010 9.72 .050 .056 87.36 .001

Her:Yak .014 11.26 .010 .094 218.70 .001

Ric:Yak .001 1.10 .700 .083 149.40 .001



178

Genetic Distance and Identity Values

One of the most widely used measures of genetic distance

is the D value of Nei (1978). This value expresses the

probability that a randomly chosen allele from each of twc

different populations will be identical, relative to the

probability that two randomly chosen alleles from the same

population will be identical. When two populations are

identical, the the identity value I = 1 and the genetic

distance D - 0. The BIOSYS-1 program calculates D and I

values for all possible combinations of pairs of

populations.

In this study, D and I values between all pairs of

populations show that genetic distance between then is low

(Table 5-11). Even the population at Jasper Ridge, which

was identified as LT.. hermsi (see Chapters 3 and 4), had I

and D values that were indistinguishable from the

conspecific I and D values of &n. freeborni. All four

proximate populations within the Sacramento Valley (sites 6,

8, 9, 10) had values of D = 0. Overall, the sanjles fror

Yakima and Utah produced the greatest genetic distance

values when paired with all other population samples.

A cluster analysis was genera~ed using the unweighted

pair group method with arithmetic averaging (described by'

Sneath and Sokal 1973). The phenogram shows three main

clusters (Fig. 5-8). All the California populations, except

for Camino, are clustered together. The Yakima, Washingtcm,

sample shows more genetic divergence fiom the other
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populations in Washington and Oregon than it does to the

sample from Utah.
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Discussion

AnQ~helt ebornik2i appears to have relatively low

levels of genetic variability, particularly for a species

that is so widespread and inhabits such a variety of

ecological zones. The majority of loci analyzed in this

study are monomorphic, and even of those that are

polymorphic only two or three (Mi-1, Got-1 and Pqr-l) have

three or more alleles. However, when we consider those loci

that were polymorphic, but not used in the genetic analysis

(because of unreliable scoring of electromorphs), the level

of heterozygosity in this species approaches that found in

other insects (Narang 1980, Narang et al. 1989).

Like Fujioka (1986), who did an enzyme electrophoresis

comparison of An. hermsi and An. freeborni, this study did

not find diagnostic loci that distinguish these two sibling

species. Apparently, these two species can only be

distinguished, at present, by hybridization or rDNA analysis

(see Chapters 3 and 4). The genetic differentiation between

both species is no greater than that found intraspecifically

for An. freeborni.

There is obvious genetic substructuring of An. freeborni

throughout its range. In general, the differentiation

between populations reflects differences in ecological zones

(e.g. Sierra Nevada vs Sacramento Valley) or geographic

distance. In California, the Sacramento Valley and the

Sierra Nevada foothills seem to harbor populations that are

distinctive both by their X chromosome type and in allozy.e
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frequencies. However, even within each of these two zones,

populations can have significantly different frequencies of

certain alleles. Camino and Pleasant Valley Rd (sites 2,

2), for example, are only 13 km apart, but do not have

identical allele frequency profiles (Table 5-6). Proximate

populations collected from areas near Sacramento differed

significantly in the F,, values obtained for the Mpi-I and

M loci.

In Chapter 3, significant differences in the frequency of

the inversion on chromosome arm 3R for proximate sites in

the Sacramento Valley suggested that these populations are

semi-isolated. The evidence from enzyme electrophoresis

supports this hypothesis, since F,t values are highly

significant at the Pgn.J and Mpi-I loci.

In Washington and Oregon, there is a cline in the

frequency of the A (Rf - 100) and E alleles (Rf = 124) at

the Mpij locus. The A allele is very rare in Madras (site

22), but is the most common allele in Richland (site 24) and

Yakima (site 25). The reverse is true for the E allele.

The frequency cline of both alleles have a startling

correlation to the frequency cline of the two X chromosore

karyotypes in these populations (Table 5-12). Since many

females from each site were identified chromosomally and

then electrophoresed, it was possible to associate the type

of X chromosome from an individual mosquito with its alleles

at the Mpjj locus (Table 5-13).
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It is obvious that there is a disproportionately higher

frequency of the A allele associated with the standard X

Table 5-12. The frequency of the A allele (Rf - 100) at the
Mi-1 locus, and the frequency of the standard X chromosome
for populations of Anopheles freeborni in Washington and
Oregon.

Frequency

Std. X
Population n A allele n Chromosome

Madras 14 0.04 15 0.00

Hermiston 35 0.36 47 0.28

Richland 95 0.61 73 0.62

Yakima 55 0.90 50 0.90

chromosome; the reverse is true for the E allele. It is

tempting to assert that the association of the A allele with

the standard X karyotype demonstrates that the Mni-l locus

is within the inversion region. Single cross-over events

within inversions produce non-viable cross-over products,

and thus the term "cross-over suppressors" has been used to

describe the effects of inversions. The extent of cross-

over suppression depends on the length of the inversion, its

position in an arm, and on the sensitivity of the chromosone

to rearrangement. But, an inversion can also affect the

cross-over rate of loci outside of the inversion itself

(Roberts 1976). This is particularly true for loci near the
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inverison breakpoints, but is not limited to these areas.

Consequently, although it is a reasonable guess that the

Mpi-_ locus lies within the X inversion region (which

Table 5-13. The frequency of alleles at Mjij for
homokaryotypes of the standard X chromosome, homokaryotypes
for In(X)A, and heterokaryotypes for populations of
Anopheles freeborni sampled in Washington and Oregon. The
allele frequencies determined from all individuals
electrophoresed from each site is given in parenthesis.

Site = Madras

Frequency
of X Chromosome Karyotype

Allele Standard Heterokaryotype Inversion
Freq. n=0 n=0 n=10

A (0.04) .... 0
C (0.00) .... 0.10
D (0.00) .... 0
E (0.46) .... 0.40
F (0.29) .... 0.20
G (0.21) .... 0.30

Site = Hermiston
Frequency

of X Chromosome Karyotype

Allele Standard Heterokaryotype Inversion
Freq. n=3 n-li n=18

A (0.36) 0.66 0.40 0.22
C (0.01) 0 0.05 0
D (0.01) 0 0 0
E (0.50) 0.17 0.45 0.64
F (0.10) 0.17 0.05 0.14
G (0.01 0 0.05 0
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Table 5-13 continued

Site - Richland

Frequency
of X Chromosome Karyotype

Allele Standard Heterokaryotype Inversion
Freq. n=21 n=27 n=4

A (0.61) 0.83 0.53 0
C (0.00) 0 0 0
D (0.01) 0 0 0
E (0.23) 0.15 0.30 0.50
F (0.15) 0.02 0.18 0.50
G (0.01) 0 0 0

Site = Yakima
Frequency

of X Chromosome Karyotype

Allele Standard Heterokaryotype Inversion
Freq. n=21 n=4 n=0

A (0.90) 1.00 0.62 --
C (0.01) 0 0 --

D (0.00) 0 0 --

E (0.04) 0 0.13 --
F (0.04) 0 0.25 --
G (0.02) 0 0 --

comprises 2/3 of the total length of the chromosome), it is

not certain.

A paracentric inversion reduces the rate of cross-over

progeny, but generally does not prevent cross-over products

altogether. Double cross-overs within the inversion,

although rarer than single cross-over events, do produce

viable gametes. Therefore, paracentric inversions merely

reduce the rate of recombination of inversion protected
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blocks of genes. Over time, the frequency of a particular

allele within the inversion would be the same as that on the

non-inverted region. This is similar in concept to linkage

disequilibrium between tightly linked loci; over time,

alleles at each locus should be randomly associated (unless

other factors are contributing to apparent linkage

disequilibrium e.g. migration, emigration, selection).

Several hypotheses can be invoked to explain why the A

allele at the pjz2. locus is not equally represented in bott

X chromosome karyotypes. If we assume that the standard X

karyotype is actually the derived inversion of a progenitcr

X chromosome then: 1) The A allele represents a recent

mutation within the inversion and has increased in frequent;

(selective advantage?), 2) the allele mutated at the moment

when the inversion was created and has since been

represented in the alternative X karyotype by double cross-

over events, 3) at the time the inversion was created, the

MPI-1 locus coincidentally had the A allele, 4) two or more

populations fixed for alternative arrangements of the X

chromosome inversion and different alleles at the Mpi-l

locus have recently overlapped in their distribution. It we

assume that the inversion X karyotype (e.g. that found in

populations from Jasper Ridge, Madras, Hermiston) was

derived from the standard X karyotype (that type found

throughout the Sacramento Valley), then the hypotheses

listed above would apply to the E allele.
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If the A allele originated in or has a selective

advantage in the standard X karyotype, then we might expect

to see a pattern of association between this allele and the

Ltandard X chromosome karyotype throughout the distribution

of an. freeborni. The A allele is the most common allele at

the Mri-I locus in Yakima, Washington. It is also found in

almost all populations within the Sacramento Valley and is

very common in the sample collected in Utah. All of the

above populations share the same X chromosome karyotype

(standard). Those populations that have a high frequency,

or are the fixed for the inversion karyotype have no A

allele (Camino), or have a very low frequency of the A

allele (Clear Lake). Anopheles hermsi at Jasper Ridge is

also fixed for the X inversion and has no A allele at the

fpi-I locus.

Although it is not possible to acertain the origin of

the A or E allele with a particular karyotype, it is

plausible that the Washington and Oregon populations have

recently overlapped in distribution (fourth hypothesis).

Anopheles freeborni at Yakima, Washington may have been, at

some point in the past, completely isolated from populations

in Oregon that were fixed for the inversion on the X

chromosome and had no A allele (but had a high frequency of

the E allele). An example of such a population may be that

found in Utah (site 26), which is fixed for the standard X

karyotype, is almost fixed for the A allele and has no E

allele. If populations of An. freeborni in Washington have
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only recently overlapped with those in Oregon, then not

enough time has elapsed for the A and E alleles at the Miza

locus to be assorted with each X karyotype randomly. The

relatively recent agricultural exploitation and developnent

of these areas of Washington and Oregon could easily explai-

opportunities for sympatry of formerly isolated mosquito

populations.



CHAPTER 6

GENERAL DISCUSSION

Anopheles freeborni is believed to be widely

distributed throughout the states west of the Rocky

Mountains (Carpenter and La Casse 1955). In this study An.

freeborni was collected throughout the north and central

parts of California, some areas of Oregon and Washington,

and two locations in Utah. Within each state, &n. freeborn:

may be found at a wide range of altitudes and a variety of

ecological zones. In California, for example, these

mosquitoes can be collected from marshes in Bishop (site 21,

1,270 m above sea level (x.a.s.l.)], ponds in the Sierra

Nevada foothills (sites 2 and 3, 850 m.a.s.l.), areas around

Clear Lake in the coastal range (site 15, 400 m.a.s.l.), and

ricefields in the Sacramento Valley (sites 1-14, 10-150

m.a.s.l.).

There are various chromosome inversions and allozymes

at some loci that have frequency differences among

populations sampled in this study.. For the most part,

these differences can be related to geographic distance

between two or more populations, or ecological zone

differences. In California, for example, X chromosome

karyotype frequencies seem to have a pattern of sorts. In

valleys, whether at high or low altitude (e.g., Owens and

191
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Sacramento Valleys), only the standard homokaryotype is

present. Populations in hilly or mountanous zones are

either polymorphic for the X inversion or may be fixed for

the inversion homokaryotype (sites 2, 3, 15, 19; Camino,

Pleasant Valley Rd., Clear Lake and Onyx). The presence of

the inversion homokaryotype does not seem to be solely

correlated with altitude, since mosquitoes collected in the

Owens Valley (the highest sites in this study) had the

standard X chromosome only. This digression from a purely

altitudinal correlation was also observed in samples from

Washington and Oregon.

Differences in chromosome inversion and allozyme

frequencies are not unexpected between relatively distant or

isolated populations of a species. Such populations would

probably have minimal or no migration and, hence, no genetic

exchange; selection and genetic drift could then generate

interpopulation differences in allele and inversion

frequencies.

If we accept the proposition that all populations

sampled in this study represent the same species (except for

the population at Jasper Ridge, which is An. hermsi), then

it is reasonable to propose that the inversion homokaryotype

has a selective advantaa- in hilly or mountainous zones.

To speculate further on the possible sequence of events

leading to present inversion patterns, the inversion on the

X chromosome that occurred at some point in the past allowei
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one karyotype to invade either valley regions (standard X

chromosome) or hilly areas (inversion X chromosome).

Did the standard karyotype give rise to the inversion

karvotype, or vice versa? Although this study does not ani

cannot answer this question, there are some small 'hints' of

information that may support the latter. In the first

place, it would seem that n. hermsi was derived from

populations of An. freeborni that inhabit hilly or

mountanous zones. Both share the same X chromosome

karyotype and have similar or overlapping ecological zones

(eg. both can be found in hilly areas or relatively close

to the coast). In addition, An. hermsi, although

homosequential to &U. freeborni, does not appear to have an':

polymorphic inversions; it is a subset of those found in An.

freeborni. It is generally conceded that the progenitor of

a new race, type or species will often be more polymorphic.

Those populations of An. freeborni that have the

inversion homokaryotype are generally less polymorphic than

populations found within the Sacramento Valley. Here again,

populations either fixed or primarily composed of inversion

homokaryotypes seem to have a subset of the polymorphism

found in populations fixed for the standard karyotype. It

would seem, then, that populations of An. freeborni with the

standard X karyotype were the progenitors of the inversion

type. The inversion perhaps conferred a selective advantage

that allowed the formation of sub-populations able to invade

foothill and mountainous regions. As stated by Coluzzi et

~~ ~ 7-
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al. (1979), an evolutionary consequence of optimal habitat

choice in individuals carrying an inversion might be their

differential probability of shifting to new or marginal

ecological niches. "This would mean differential

probabilities of forming isolates from which genetic

reorganization can be initiated, thus providing a more

coherent way of explaining the frequent involvement of

inversions in speciation."



APPENDIX A

Chi-square test for deviation from Mordy-Weinberg squitibriko for poLymorpic
toci of populIations of An. freeborni Colleeted from various sites in Washington,
Oregon, California and Utah. Levene (1949) correction for sal h$PLe size
mployed in chi-square analyse. Pooled chi-square analysis are show only for
loci not otherwise in ar-y-Weirnerg equilibrium.

Pop. le tion: RICKLAWD, WA (site 24

Observed Expected Chi-
Locus Class rwibe r nuher square OF P
..... .............................. ............... ............. ............

A-A 81 80.251

A-B 7 8.547
A-C 1 .950
8-B 1 .201
B-C 0 .050
C-C 0 .000

3.513 3 .319

A-A 0 .000
A-B 1 .990
A-E 0 .010
B-B 99 99.015
6-E 2 1.980
E-E 0 .005

.015 3 .999

1k- 2
A-A 78 76.905
A-C 15 17.190
C-C 2 .905

1.621 1 .203

A-A 38 34.683
A-D 0 .608
A-E 24 26.164
A-F 15 17.037
A-G 0 1.217
A-" 0 .608
D-D 0 .000
D-E 0 .228
0-F I .148
0-G 0 .011
D-14 0 .005
E-E 4 4.778
E-F 9 6.370
E-G 1 .455
E-1 .228
F-F 1 2.000

195
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Observed Expected Ci
Locus Ciass elj, r lug er square OF P

MDl F-G 1 .296
F-m 0 .148
G-0 0 .005
G-M 0 .011
N4-N 0 .000

15.138 is144

P91 -1
A-A 93 92.268
A-0 9 10.463
0-0 1 .268

2.206 1 .137

Pg1- I
A-A 64 65.692
A-B 35 31 .659
A-D 0 .7,91
A-1 4 3.166
6-6 2 3.697
B-0 1 .190
U-1 0 .758
0-0 0 .000
D-1 0 .019
1-1 0 .028

6.456 6 .374

Coefficien~ts for heterozygote cleficiemcy or excess

Observed Expected Fixation
locuts heterozygotes heterozygotes irdex (F) 0

Acom-1 a 9.547 .157 - .162

Go"- 3 2.980 -. 012 D007

Ilk-2 15 17.190 .123 - .127

MLi52 53.534 .02'. - .029

ui__ 9 10.463 .136 -. 140

Ppr1-1 40 36.583 -. 099 .093

Poputation: HERMISTON, OR (site 23)

observed Expected Chi-
LOCuS Ciass niarter u bier sQ~re OF P

A-A 28 28.15'
A-6 2 1.877
A-C 2 1.877
A-0 1 .938
6-9 0 .015
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Oberved Expected Chi-
LOCUS C(ASS raite r rufbe r Squre OF P

3-C 0 .062
3-D 0 .031
C-C 0 .015
C-c, 0 .031
0-D 0 .000

.175 6 .999

A-A 0 .007
A-B 2 1.972
A-E 0 .014
B-8 68 68.021
D-E 1 .986
E-E 0 .000

.022 3 .999

A-A 34.348
A-C 0 .362
A-D 1 .362
A-E 14 12.681
A-F 3 2.536
A-G 1 .362
C-C 0 .000
C-c, 0 .014
C-E .507
C-F 0 A101
C-C 0 .014
D-D 0 .000

-E0 .507
D-F 0 .101
0-G 0 .014
E-E a 8.623
E-F 4 3.551
E-G 0 .507
F-F 0 .304
V-G 0 A101

G- 005.494 15 ."87
Pp 1-1

A-A 47 47,097
A-B 1 .961
A-04 3.345
8-9 0 .000
rn-c 0 .039
0-0 0 .058

.105 3 .991

Pwr- 1
A-A 29 26.360
A-8 16 20.811
A-c, 2 2.081
A-1 1.387
S-B 6 3.919
3-0 .811
9-i 1.541
0-c, 0 .027
D-1 0 .054

1-10 .009
3.11 6 .794
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Coeficients for Iheterozymte deficiency or excess

Observed Expected Fixation
L ocus. heterozygotes heterozygotes index (F) 0

AMC- 1 5 4.815 *.054 .038

GoT.-1 3 2.972 -. 017 .010

14PII 2 21.725 -. 121 .105

P91-. 5 4.&'5 .042 .032

POM-' 21 25.685 .175 -.182

Popouat ion: YAKIPMA, WA (site 25)

Observed Expected Chi-

Locus C~ass nU~aver tuate r square DF P

EST -2
A-A 37 V7.315
A-B 1 .921
A-C 1 .921
A-E 6 5.528
8-8 0 .000
B-C 0 .011
S-E 0 .067
C-C 0 .000
C-E 0 .067
E-E 0 .169

.371 6 .999

A-A 4.7 M.505
A-C 1 .908
A-E 3 3.633
A-F 1 3.633

-G0 1.817
C-C 0 .000
C-! 0 .037
C-F 0 .037
C-G 0 .018
E-E 0 .055

E- .147
E-G 0 .073
F-F 1 .055
F-G 0 .073
G-G 1 .009

132.468 10 -1.001

A-A 28 24.'S.'
AD0 7.111

36.073 1 C.001
P9i1

A-A 68 6.235
A-9 3 2A8'3
A-D 3.791
A-F 2 1.895

880 .020
B-0 0 .078
U-F 0 .039
0-D 0 .039
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Observed Expected Chvi-
LocuJs Class number ra.Eber square OF P

ti-F 0 .052
F-F 0 .007

.262 6 .999

A-A so $0.000
A-6 22 21.774
A-D 3 3.226
9-6 2 2.265
I-0 1 .697
0-0 0 .039

.220 3 .974.

Chi-square test with pooling

Observed Expected Chi-
Loc js Class .wabe r ruitber square of P

EI.. homzygotes for
most como allele 47 55

Comnrj/ rare
heterozygotes 5 9.991

Rare homozygotes and
other heterozygotes 3 .505 116.974. 1 (.001

Coefficients for heterozygote deficiency or excess

Observed Expected Fixation
Locus heterozygotes heterozygotes index (F) 0

____ _ a 7.517 -.076 .06.

"oi-1 6 10.376 .416 -.422

Pep-3 0 7.111 1.000 -1.000

___9 6.699 -.001 .035

___26 25.697 -.015 .012

Population: MADRAS, OR (A18)

Observed Expected Chi-
Locus Class number rvjtber square OF P

Aco-- 1

A-A 9 98.8
A-B 6 4.727
A-C 2 1.576
IB 0 ASS5
B-C 0 .36'.
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Observed Expected Chi-
Locus Class nRuber ruber Squre OF P

C-C 0 .030
1.378 3 .711

A-A 1 .030
A-6 0 1.939
1-9 16 15.030

33.032 1 C.001

A-A 0 .000
A-E 0 .481
A-F 1 .296
A-G 0 .222
E-E 42.889
E-F 43.852
E-G 1 2.889
F-F 1 1.037
F-G 1 1.778
6-G 2 .556

8.140 6 .228

A-A 9 7.927
A-6 a 10.146
B-B 4 2.927

.993 1 .319

Coefficients for heterozygote deficiency or excess

Obser-ved Expected Fixation

Locus heterozyqotes heteroZygotes index MF 0

Aco-I 8 6.667 -.236 .200

Got-I 0 1.939 1.000 -1.000

M117 9.519 .237 - .265

Pgr-1 8 10.146 .192 -.212

Population: JASPER, CA (site 18)

Observed Expected Chi-
L oc Ls Class nrIbte r . nrvter square DF P

A-A 33 33.133
A-C 2 1.893
A-E 3 2.840
C-C 0 .013
C-E 0 .080
E-E 0 .040

.149 3 .965
Got 1

S-B 32 31.047
S-E 24 24.419
I-H 1 .698
B-1 1 1.395
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. . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . .. - - . . . . . . . . . . Io. o . o oo. . . . . . . . . . . . . . . . . .

Ob:erved E "cted Chi-

Locus CrsSs nmbe r rpbe r ILQuare . . .F .
.. ........ °.......... .. .......... 

.... ..... .. ....... . . . . . . .

9-1 0 1.395

f-E 5 4.612
E 0 .271

f-1 1 .543
I-J 0 .543

-H 0 .000
4.1 a .016

1-j 0 .016

- I 0 .008
0 .031
1.j .008

129.984 10 1.001

A-A 66 65.503

A-E 7 8.303

A-F 4 3.690

E-E 1 .232

E-F 0 .232

F-F 0 .039 3.01.3 3 .385

C-C 0 .000
C-0 0 ,oss

C-E 1 .427

C-F 0 .476
C-14 0 .029
C-0 .010

0-0 1 .146

D-E 2 2.563

D-F 1 2.854

0-1 1 .175

0- 0 .058

E-E 13 9.18.

f-F I5 20.932

f-H 0 1.282

E-J 0 .427

F-F 15 11.417

F-H 2 1.427

F-J 1 .476

H-H 0 .029

1- 0 .029
a.j0 .000

18.602 15 .232

A-A 32 32.043

A -c 3 2.913
C-C 0 .04.3

c c 0 46 1 .830

A-A 27 23.438

A-F 5 7.274

A-I 0 4.51.9

F-F 2 .493

F-t 0 .740
I- I 3 .205

49.451 3 <.001

....--...-...................... 
...............
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Chi-square test with pooling

Observed Expected Chi-

Locu.s Class rapbe r rU. r square OF P

1c:-1 monozygotes for
most caYVTmr at lete 32 31.007

ComnwYf/rare
heterozygotes 26 27.907

Rare homzygotes ano
other heterozygotes 7 6.01.7 .310 1 .57B

PEULL mwctzygotes for
most coffmmor allete 27 23.438

Comnonf rare
heterozygotes 5 12.123

Rare homozygotes and
other heterozygotes 5 1.438 13.546 1 <.Ocl

Coeficients for heterozygote deficiency or excess

Observet Expected Fixation~
Locus heterozygotes heterozygotes index (F) 0

Est-? 5 4.813 -.053 .039

o-i27 29.326 .072 *.079

___11 12.226 .091. - .100

23 31.223 .256 -. 263

Pep-3 3 2.913 -.045 .030

Pep-5 5 12.563 .606 - .611

Poputlat ion: Sacramento, CA (site 6)

Observed Expected Chi-
Locus Class nLgybe r rsJlbe r square OF P

Acorn-
A-A 51 $0.308
A-B 3 2.795
A-C 2 3.726
A-D 2 1.063
6-B 0 .026
S-C 0 .103
S-0 0 .051
C-C 1 .051
C-D 0 .068
0-0 0 .009

18.6.2 6 .005

Est -2
A-A 35 S4.259
A-9 2 1.852
A-C 2 3.7D4
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.............. .o..........°.......... ............
°............................

Obterved Expected Chi-

Locws Cress nLJIe r nuimer square OF P
.......................................................................

A-F 1 .926

B-6 0 .012

U-C 0 .099
B-F 0 .025

C-C 1 .074

C-F 0 .049
0 .000 12.577 6 .050

Gt, A-A 41.121.

A-B 8 13.491
A-E 4 3.905

A-H 0 .118

A-1 0 .237
B- 43 38.112
B-E 19 22.260

I-H 1 .675
8-1 0 1.31.9
E-E 4 3.124

E-H 0 .195

E-1 2 .391
H-H 0 .000
H-I 0 .012
l-I 0 .006

19.650 10 .033

A-A 0 .437

A-C 0 .477
A-D 2 1.907

A-E 5 3.815
A-F 3 2.94.0

A-G 1 .556

A-M 1 .079
A-J 0 .318

A-M 0 .238

C-C 0 .099

C-D 2 .954

C-E 3 1.907
C-F 1 1.470

C-G 0 .278
C-H 0 .0.0

C-J 0 .159
C-M 0 .119

D-D 2 1.828

0-E 11 7.6Z9
0-F 5 5.881
D-G 0 1.113

0-M 0 .159
D-J 0 .636
D-M 0 .477

E-E 5 7.470

E-F 14 11.762
E-G 3 2.225

E-H 0 .318
E-J 2 1.272

E-M 0 .954

F-F 5 4.11
F-G 2 1.715
F-H 0 .245

I I- ----- -------...
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Observed Expected Chi-
LoCujS Class flJybe r meUIe r squarc DF P

F-j1 .980
F-N 1 .735
6-G 0 .139

6-4 1 .185
G-N 0 .139

0-H .000
H-J 0 .026
14-M 0 .020
.1-j 0 .040
J-N 0 .079
M-M 1 .020

75.593 36 .0

P9-1
A-A 62 62.075
A-6 1 .970
A-D '. 3.580
B-6 0 .000
9-0 0 .030

D- 05.080 3 .994

A-A 55 55.179
A-B 5 5.255
A-D 11 10.510
A-E 1 .876
B-8 0 .103
B-0 1 .4.97
S-E 0 .041
D-0 0 .455
D-E 0 .083

1.247 6 .975

Chi-square test with pooling

Observed Expected Chi-
Locus Class nraber nrb~ter square OF P

Got-i Homozygotes for
most coffmo, alIele 4.3 38.112

Conor/rare
heterozygotes 28 37.775

Rare honmczygotes and
other he-erczygote. 14 9.112 5.778 1 .016

tL. 1 Iomozygotes for
most coemrr atlele 5 7.470

Cctrmor/ rare
heterozygotes 38 33.060

Rare homozygotes and
other heterozygotes 33 35.470 1.727 1 .189
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Coefficients for heterozygote deficiency or excess

Observed Expected Fixat ion

LOCu: heterozygotes heterozygotes index (F) 0

A-c- 1 7 8.607 .180 -.187

Es-2 5 6.654 .239 -.249

_ 3/ 42.633 .198 -.202

58 51.854 -.126 .119

P9 1 5 4.880 - .032 .025

P9-1 18 17.262 -.050 .043

Pop lation: MILLERS L.,CA (site 9)

Observed Expected Chi-
Locis Class number rxnl e r &Quare DF P

Aco-- 1
A-A 48 48.193
A-B 3 2.835

A-C 2 1.890
A-E 1 .945
A-C 1 .945
B-6 0 .fOP

B-C 0 .o55
O-E 0 .028
B-C 0 .028
C-C 0
C-E 0 .018
C-G 0 .018
E-E 0 .000
E-G 0 .009
G-G 0 .000

.216 10 .999

EST 2
A-A 45 43.606
A-B 6 5.394
A-C 2 5.394
l-8 0 .138

B-C 0 .330
C-C 2 .138

27.921 3 C.'001
Gr!-

A-A 0 .569
A-8 11 9.394
A-E 2 2.088
A-1 0 .095
A-K 0 .285
B-6 38 35.409
9-E 11 15.898
9-i 0 .723
.0 1 2.168

E-E 4 1.686
E-I 1 .161
E-K 0 .482
I-1 0 .000
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observed Exipected Chi-
Locus Class ruibe r ftumber Squre OF P

3-K 0 .022
K-K 1 .022

56.033 10 < .001

A-A 1 .270
A-C 0 .135
A-D 0 .811
A-E 2 1.216
A-F 0 1.351
A-C 1 .676
A-I 0 .270
C-C 0 .000
C-D 1 A162
C-E 0 .21.3

CF0 .270
C-C 0 .135
C-I 0 .054
0-D 1 .1105
D-E 2 1.459
0-F 0 1.622
0-C 1 .811
0-1 0 .324
E-E 1 .973
E-F 2 2.1.32
E-C 0 iV
E-I 1 .1.86
F-F 2 1.216

f 3 1.351
F-I 1 .541
G-G 0 .270
G-J 0 .270
.1-1 0 .027

18.603 21 .611
PprM-1

A-A 1.2 43.129
A-B 4 3J165

AD13 13.4.53
A-H 2 1.583
A-I 7 5.540
1-6 0 .01.3
B-D 0 .1.89
S-IH 0 .058
3-1 0 .201
0-D 2 .978
0-H 0 .21.5
0-I 0 .856
H-H 0 .007
H-I 0 .101

1-1 0 .5
3.978 10 .948

Chi-square with pooling

Observed Expected Chi-
Locus Class rioulbe r ruvber square OF P

Est-2 Hoczygotes for-

most conionr allele 1.5 4.3.606
Coffmon'/rare

Ieterozygotes 8 10.789
Rare homozygotes and

other heterozygotes 2 .606 3.977 1 .046
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..................................... o...........•..............................

Observed Expected Chi-

Locus Class rturbe. furer square OF P

Gz' tNomozygotes for
most conroi, allete 38 35.409

Common/rare
heterozygotes 23 28.182

Rare homozygotes and

other heterozygotes 8 5.409 2.38.4 1 .123

Coefficients for heterozygote deficiency or excess

Observed Expected Fixation

Locus heterozygotes heterozygotes index (F) D

Acon- 7 6.771 -.043 .034

Est-2 8 11.119 .274 -.281

Got-1 26 31.314 .16. -.170

14 15.838 .092 -.116

Ppr-1 26 25.691 -.019 .012

t........... f. tt.... t.. tt............ t...... tt. ttt. tt. tt.. t.t.. t. ttttt

Population: WILLIAMS, CA (site 10)

Observed Expected Chi-
Locus Class number nuffber square OF P

Acon-1
A-A 46 46.574
A-B 3 2.713
A-C 4 3.617
A-E 3 2.713
A. 2 1.809
8-6 0 .026
B-C 0 .104
B"E 0 .078
-C 0 .052
C-C 0 .052
C-E 0 .104
C-G 0 .070
E-E 0 .026
E-G 0 .052
G-C 0 .009

.702 10 .999
Est-2

f A 57 57.165
A-B 7 6.669
3-B 0 .165

.182 1 .669

A-A 1 .605
A-B 10 8.465
A-E 1 3.023
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...................... ........... I ....... ..................................
Observed Expected chi-p

LOCUS ciass wbsbev r xue'r Square . p

..... 
... . . . . . . . . . . . . . .........

c-1 A-G 0 .101

A- 0 .202

9- 28 27.0?3

I-E 16 19.535

S-G 0 .651

g:F 6 3.372

I-C .233

E- 0 .4.65

G-G 0 .000

G-1 0 .016

8- 8.962 ic .536

A-A 0 .660

A-C 1 .943

A-D 2 I.9I

A-E 7 4.528

A-F 4 4.15l

A-& I 1.698

A-J 0 .283

A-"4 0 .094

C-C 0 .283

C-0 1 1.321

CA 5 3.019

C"f 2 2.767

c-C 1 1.132

C-j 0 .189
I:-M 0 .063
D-D) 0 1.321

0-E 4 6.340

0-F 11 5.811

P-G 1 2.377

2 .396
0 .132E-E 

7.094

E-F 9 13.283

E-G 7 5.i.34

E-J 1 .906

- 1 .302

F-F 6 S.950

F-0 6 4.981

F- 0 .830
F-1 0 .277

G-G 1 .962

G-J 0 .340

L-% 0 .113

J-j 0 .019
J-M a .019 8 .64

14- 0 .000 24.328 28 66g.

A-A 52 50.916

A-D 7 7.084

A-£ 1 1.771

A-G 0 .885

A-I 3 2.656

A-4 1.771
0 .214

DE 0 .122

D-G 0 .061

D-i 0 .183

0-J 1 .122

E-E 0 .008
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Observed Expected Chi-
Locus Class njitber fiJnbet rSquare D F P

E-G 1 .015
El1 0 .046

E 0 .031
G-G 0 .000
G-1 0 .023
G-4 0 .015
1-1 0 .023
1-1 0 .046
4-4 0 .008

72.229 15 4.001

Chi-square test with pooling

Observed Expected Ci

Locus Class 1Uyer nvutter square 01 P

Par--i imoiozygotes for
most cow-nrn allele 52 50.916

Comron/ rare
heterozygotes 12 14.168

Rare honiozygotes and
other heterozygotes 2 .916 1.638 1 .201

Coeficients for heterozygote deficiency or excess

Observed Expected Fixation
Locus heterozygotes heterozygotes index (F a

Acon-1 12 11.313 -.070 .061

Est-2 7 6.669 -.058 .050

Got-I 30 33.992 .111 -.1V7

D-166 63.711 -.042 .036

tarr- 14 14.832 .049 -.056

*.t...ttW**.ttW**....*.*t**Stt****.tt.tttt.t**********tt*.*tt#**t. t

Popuilation: KNIGHTS L., CA (site 8)

Observed Expected Chi-
Locus Class murter rU, ~r square DF P

Acor 1
A-A 43 42.617
A-6 4 3.589
A-C 3 2.692
A-0 2 3.589
A-E 1 .897
5-U 0 .056
I-C 0 .112
5-D 0 .150
9-E 0 .037
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.. .................... o.....................................................

Observed Expected Chi-
Locus Class numbye r numer Square DF P

C-C 0 .028
C-D 0 .112
C-E 0 .028
D-D 1 .056
D-E 0 .037
E-E 0 .000

17.251 10 .069

A-A 20 20.067
A-B 3 2.867
rn-B 0 .067

.073 1 .787

A-A 2 .882
A-B 10 9.706
A-E 1 3.151
A-K 0 .378
S-B 21 24.588
B-E 22 16.176
G-K 3 1.94.1
E-E 2.521
E-K 0 .630
K-K 0 .025

8.04.2 6 .235

C-C 0 .120
C-D 2 .96C
C-E 0 .720
C-F 1 .840
C-G 0 .2.0
'D- 1 1.120

D-E 1 1.920
D-F 3 2.240
D-G 0 .640
E-E 1 .600
E-F 2 1.680
E-G 1 .480
F-F 0 .80
F-G 1 .560

G-G 0 .010
5.705 10 .839

A-A 58 58.401
A-B 2 1.85'
A-C 2 1.85'
A-D 7 6.489
I-B 0 .007
B-C 0 .029
I-D 0 .102
C-C 0 .007
C-D 0 .102
D-D 0 .153

.467 6 .998

A-A 42 41.39'
A-B 9 9.372
A-D 13 12.496
A-G 1 .781
B-6 1 .482
B-D 1 1.401
I-C 0 .088
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.................................... ............ ... °...... ........... ........

Observed Expected Chi-
Locus CLASS ruber rimybe r square DF P
............. ........ ........ ....... ............. °..... ......................

D-O 1 .876
D-G 0 .117
G-G 0 .000

1.000 6 .986

Coefficients for heterozygote deficiency or excess

Observed Expected Fixation

Locs heterozygoles heterozygotes index (F) D

Aco,',-' 10 11.243 .102 -.111

LLti 3 2.67 -.070 .047

____ 36 31.983 -.135 .126

11 10.280 -.113 .070

P9-1 11 10.431 -.062 .055

pal 24 24.255 .003 -.011

Po: tatio: TENAMAo CA (site 13 )

~~~..................... ..... ........ ........... ......................... ......

Observed Expected Chi-
Locus ClAss irvLaber number uare DF P
........................... ....... •.... ............ o.........°...............

Acon-
A-A 42 42.617
A-B 2 1.794
A-C 10 8.972
S- 0 .009
I-C 0 .187
C-C 0 .421

.767 3 .857

,.:-2
A-A 17 17.146
A-$ 4 3.707
S-B 0 .146

.171 1 .679

A-A 3 1.736
A-9 15 13.537
A-E 0 3.992

S-8 24 24.818
6-E 15 14.826
E-E 16 2.091

6.8.43 3 .077
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observed Expected Chi-
L ocj.s Class nuYber rUjtr square OF P

A-A 1 .480
A-C 0 .480
A-V 0 1.560
A-E 6 2.640
A-F 1 2.760
A-C 0 .480
A-M 0 .120
C-C 0 .080
0-D 0 .693
C-E 3 1.173
C-F 1 1.227
C-G 0 .213
C-M 0 .053
0-0 1 1.0-40
0-E 4 3.813
0-F 6 3.987
0-G 0 .693
0-N 1 .173
E-E 3 3.080
E-F 2 6.747
E-G 1 1.173
E-N 0 .293
F-F 5 3.373
F-6 3 1.227

0- .307
6-G .080
6-N 0 .053
m-m 0 Dc

25.640 21 .221

A-A 47 46.224
A-6 1 2.592
A-V 11 11.23?
A-G 1 .8"'
A-J 1 .864
I-6 1 .024
I-0 0 .312
B-G 0 .024
I--i 0 .024
0-0 1 .624
0-6 0 .104
D-J 0 .104
6-G 0 .000
G-i 0 .008
.jJ 0 .000

41.532 10 C.001

Chi-square test with pooling

Observed Expected Chi-
Locwjs Class ruibe' ! U, ~r square D F P

PaI'-1 Hoffmczygotes for
M~ST c'iolo st~ete 47 46.224

teterozygotes 14 15.552
Rare hornzygctes arnd

other heterozygotes 2 1.2?'. .660 1 .417
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Coefficients for heterozygote deficiency or excess

Observed Expected F ixat ionLocus heterozygotes heterozygotes index MF D
.......................................................
Aco'--i 12 10.953 -.1D6 .096

Est-2 3.707 -.105 .079

GOT-i 30 32.355 .065 -.073

K: 28 ?9.867 .050 -. 063

____ 1/. 16.128 .125 -. 132

.......***.. ......................... ........

PoputIOM: CNIC0, CA (Site 12)

.........................................................
Observed Expected Chi-

Locus Class ntUbe r rwimbe r square OF P
.........................................................

Aco'--1
A-A 34 33.346
A-B 5 5.481
A-C 1 1.827
U-B 0 .185
I-C 1 .148
C-C 0 .012

5.525 3 .137

A-A 12 12.037
A-D 1 .963
A-G 1 .963
0-0 0 .000
0-G 0 .037
G-G 0 .000

Gt1.040 3 .998

A-A 2 1.766
A-B 11 i1.039
A-E 2 2.429
I-B Is 15.909
S-E 9 7.143
E-E 0 .714

11.356 3 .716

A-A 0 .023
A-C 0 .186
A-D 0 .4.19
A-E 0 .326
A-F 2 .465
A-G 0 .558
C-C 0 .140
C-D 3 .837
C-E 0 .651

C 0 .930
C-G 1 1.116
0-0 1 .837
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Observed Expected Chi-
Locus Ciass flmbe r foifie r Squre D F P

D-E 0 l.4.6I
0-F 3 2.093
D-G 1 2.512
E-E 2 .488
E-F 3 1.628

EG0 1.953
F-F 1.01.7

FG0 2.791
G-0 5 1.535

35.101 15 .002

A-A 31 30.9159
A-6 4 3.216
A-D 12 10.454
A-E 0 W801
A-H 0 .804
A-] 0 W84
5-B 0 .062
I-D 0 .536
I-f 0 .041
I-H 0 .4
B-1 0 .041
0-0 0 .804
0-f 0 .134
0-H 0 .134
0-1 1 .134
f-f .000
E-H .010
E-1 0 .010
H-H 0 .000
H-I 0 .010
1-1 0 .000

105.252 15 <.001

A-A 9 9.048
A-C 2 1.905
C-C 0 .04.8

.053 1 .819

Chi-square test with poolirmg

Observed Expected Chi-

Locus Class ,xmibe r rwffber square OF P

tjij~ Homozygotes for

mfost conr a~lete 5 1.535
can.. I/rare

hete~ozygotes 2 8.930
Rare hormozygotes Anid

other heteroz)'gotes 15 11.535 14.242 1 (.DOI

Pae- Noniczygotes for
most connon atteLe 31 30.959

Coffmnr/ rare
heterozygotes 16 16.082

Rare hou'ozygotes an~d
other heterozygotes 2 1.959 .001 1 .971
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Coefficients for heterozygote defIcienCy or excess.i ~......... .............................. .°.............o.................

Observed Expected Fixation
Locus heterozygotes heterozygotes index (F) D
..................................................... . .............

Aco - , 7 7.457 .050 -. 061
2 1.963 -.057 .019

22 20.610 -.081 .067

13 17.930 .258 -.275

____ 18 17.175 -. 059 .048

x -l 2 1.905 -.100 .050

PopuLation: CLEAR LAKE, CA (site 15)

..............................................................
Observed Expected Chi-

Locus Class number nuwber square DF P
............................................................... ..........
Acor'- 1

A-A 45.882
A-B 7 6.176
A-C 4 5.294
A-E 2 1.765

0 .176
0 .353

B-E 0 .118
C-C 1 .126
C-E 0 .101
E-E 0 .008

7.274 6 .296

A-A 30 30.495
A-S 14 11.538
A-C 1 2.473
I-B 0 1.000
S-C 0 .462
C-C 1 .033

31.238 3 C.001
Got"

A-A 1 1.099
A-B 16 15.503
A-E 2 2.969
A-1 1 .330
1-B 52 51.675
S-E 21 19.932
B-I 0 2.215
E-E 2 1.938
E-I 0 .424
1-I 1 .016

66.097 6 '.001

A-A 54 54.174
A-B 3 2.851
A-C 1 .950
A-D 2 1.901
A-H1 .90
9-6 0 .025
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Observed Expected Chi-
LocuJs Ctass rumber tmabe r qure D F P

I-C 0 .025
1-0 0 .050
3-H 0 .025
C-C 0 .000

0- .017
C-H4 .008
0-D 0 .008
0-H 0 .017
H-H 0 .000

.192 to .999

14,- A-A 0 .000
A-C 0 .437

AD1 .067
A-E 0 .356
A-F 0.407
A-G 0.074.
A-m 0 .015
A-J 0 .044'
C-c 0 .074
C-0 1 .333
C-I 2 1.778
C-F 2 2.037

C 0 .370
C-H 0 .07'.

C 0 .222
0-0 1 .267
D-f 3 3.200
O-F 2 3.667
O-C 0 .667
0 - i 0 .133

D 0 .400
f-f 9 8.356
E-F Is 19.556
E-0 3 3.556
E.-1 2 .711

E 5 2.133
F-F 15 11.000
F-G 5 4.07o6
F-H 0 .815
F-I 2.444'
0-6 .333
G-H .148
G-1 0 4
H-H 0 .007
H-I 0 .089
1-1 0 ill1

32.942 28 .238

A-A n0 69.232
A-6 2 1.997

AD3 4.742
A-I 2 1.897
B-8 0 .006
S-0 0 .065
I-I 0 .026
0-0 1 .065
D-E 0 .065
f-! 0 .006

14.392 6 .026

A-A 61 60.000
A-8 4 3.556
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Observed Expected Chi-
L oc us Class rmie r rumer squre OF P

A-C 0 W89
A-ti 9 10.667
A-E 1 .889
$-a 0 .039
B*C 0 .026
6-0 0 .31'.
S-E 0 .026
C-C 0 .000
C-ti 1 .078
C-E 0 .007
0.0 1 .431
O-E 0 .0Th
E-E 0 .000

13.30d 10 .207

Chi-square test with pooling

Observed Expected Ct--
Locu~s Class %u, ~r ruiarbe r square OF P

Est-2 Kontozygotes for
most camior alleLe 30 30.495

Commonu-ilrare
heteu-ozygotes 15 14.011

Rae honmzygotes and
other heterozygotes 1 1.495 .2'.1 1 623

Got-I morrczygotes for
most coffmo- allele 52 51.675

Cwwr'ou/ rare
heterozygotes 37 37.649

Rare homzygotes and
otheir heteroxygotes 7 6.675 .029 1 .865

EIL.-. Momzygo-es for
most cow'n-u al~ete 70 69.232

Comnur/rare
heterozygotes 7 8.535

R?-e lomozygotes and
othier heterozygotes 1 .232 2.823 1 .093

Coefficients for heterozygote deficiency or excess

Observed Expected fixation
Locus heterozygotes heterozygotes index (F 0

Acon-1 13 13.507 .051 -.058

LL-15 14.473 - .04.8 .036

4o- 0 41.372 .028 -.033
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Coefficients for heterozygote deficiency or excess

...................................... .°...............................

tizd- 7 6.793 -. 039 .030

mr-I 42 47.852 .116 -.122

7 8.690 .189 -.195

____ 15 16.529 .087 -.093

Population: PLEASANT, CA (site 3)

Observed Expected Chi-
Locus Class nuber raimbe r square OF P
.......................... .................................................

Aco,-I
A-A 12 12.103
A-8 2 1.862
A-E 1 .931
B-B 0 .034
I-E 0 .069
E-E 0 .000

.120 3 .989

Got-,
A-A 2 1.800
A-B 5 6.000
A-E 1 .00
I-B 5 4.200
3-E 0 .600
E-E 0 .000

1.8.1 3 .606

A-A 11 10.120
A-8 1 2.760
I-B 1 .120

7.652 1 .006

A-A 1 .067
A-C 0 .800
A-E 0 .667
A-F 0 .267
A-C 0 .133
C-C 2 1.000
C-E 2 2.00C
C-F 0 .800
C-C 0 .100
E-E 1 .667
E-F 1 .667
E-G 0 .333
F.f 0 .067

F-G 1 .133
G-C 0 .000

23.500 10 .009



219

Observed Expected Chi-
Locus Class ruitbe r ruvber square DF P

A-A 16 16.000

A-E I 1.000
E-E 0 .000

.000 1 .999

A-A 17 17.027
A-B 1 .973

A-D 1 .973

I-6 0 .000

l-D 0 .027
D-D 0 .000

.029 3 .999

A-A 12 12.103

A-B 3 2.793

8-6 0 .03
.120 1 .729

Chi-square test with pooling

Observed Expected Chi-

Locus Class nrube r rumber square DF P

tz:2 motmczygotes for
most conmon at Lete 2 1.000

Com~on/rare

heterozygotes 2 4.000
Rare ho-ozygotes ard

,;ther heterozygotes 4 3.000 2.333 1 .127

Coefficients for heterozygote deficiency or excess
............................................ ..........................

Observed Expected Fixationr
LOCus heterozygotes heterozygotes index (F) D

Ace 3 2.562 - .08.. .0.8

ik__ 6 7.000 .109 -.143

a__._ 1 2.760 .623 -.638

4 6.200 .312 •.355

P21-1 2 1.973 -.041 .014

Uar- 3 2.793 -. 111 .074
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Population: CAMNO, CA (site 2)

Observed Expected Chi-
Locus Class njjyte r rauyter square OF P

Acon- 1
A-A 36 35.078
A-B 1 2.883
A-0 1 .961
3-9 1 .039
B-D 0 .039
0-0 0 .000

25.000 3 <.0
Gat -1

A-A 1.095
A-B 2 3.746
A-E 0 .063
8-8 28 27.159
B-E 1 .937
E-E 0 .000

9.503 .3 .023

C-C 17 16,682
C-E 6 5.765
C-F 0 .824
0-4 2 1.647
E-E 0 .412
E-F 1 A137
E-J 0 .275
F-F 0 .000

F 0 .039
4-4 0 .020

7.078 6 .314

A-A 3.4 34.190
A-B 5 4.664
A-D 1 .937
96 0 .127
3-0 0 .063
0-D 0 .000

.217 3 .975

p~'i'*
A-A 32 28.123
A-B 3 5.037
A-D 0 5.877
A-K 1 .840
B-6 0 .185
B-D 3 .519
8-K 0 .074
0-D 2 .259
D-K 0 .086

KK0 .000
31.175 6 t001
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Chi-square test with pooting
....................................... .......................................

Observed Expected Chi-
Locus Class nMber nunber square DF P
............. •........................•.... •...... •...... °......................

Acon-1 omozygotes for
fost comnom attete 36 35.078

toramr-/rare
heterozygotes 2 3.84'

Observed Expected Chi-
Locus Class nutmber ruiber square DF P

Aco- Rare howozygotes ar
other heterozygotes 1 .078 11.820 1 .0C,

Got- omozygotes for
most common attete 28 27.159

ComTcn/rare
heterozygotes 3 4.683

Rare homozygotes ard
other heterozygotes 1 .159 5.089 1 .024

Pgrp-1 Nomzygotes for

most €omnr astele 32 28.123
Comron/rare

heterozygctes 4 11.753
Rare horzygotes ar

other heterozygotes 5 1.123 19.025 1 C.001

Coefficients for heterozygote deficiency or excess
............................. =•..................... .. • ....... ........

Observed Expected Fixation
Locus heterozygotes heterozygotes index (F) D
............................................................. •..... ....

Aco--I 2 3.8W3 .478 -.485

Got-i 3 4.746 .358 -. 368

KPI-, 9 8.686 -.056 .036

_i -1 6 5.684 -.069 .056

P211-1 7 12.432 .430 -.437
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Population: UINTAM, UT (site 26)

Observed Expected Chi-
Locws Class rurber nurber square OF P

Aco--1
A-A 20 19.528
A-C 6 6.943

C-C 1 .528 .561 1 .454

A-A 31 31.087
A-E 1 .957
A-G 3 2.870
E-E 0 .000
E-C 0 .043
G-G 0 .043

.095 3 .992

ot-I A-A 1 .061
A-B 2 4.000
A-D 0 .030
A-E 1 .848
B-B 54 52.400
B-D 1 .800
B-E 21 22.400
D-D 0 .000
D-E 0 .170
E-E 3 2.291

16.193 6 .013

A-A 34 34.660
A-F 17 15.680
F-F 1 1.660

.386 1 .531.

A-A 26 27.483
A-8 39 36.034
5-B 10 11.483

.516 1 .473

Chi-square test with pooling

Observed Expected Chi-
Loc~js Class frequency freqJency square DF P

Got-i *omozygotes for
most co inor alLete 54 52.400

Coowon/rare
heterozygotes 24 27.200

Rare homozygotes ard
other hete-czygotes 5 3.400 1.178 1 .278

.. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. . . ..
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Coefficients for heteroz.ogote deficiency or excess

Observed Expected Fixation~
Loccus heterozygotes hoterozygotes index M) D

Aco--' 6 6.943 .120 -. 136

Est-2 43.870 *.049 .034

Gti25 28.248 .110 - .115

17 15.680 -.095 .064

___39 36.034 -.090 .082
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ABSTRACT. Techniques are described for mass rearing Anopheles freeborni. Eggs were incubated
overnight at ca. 28'C and then dried. Measured quantities of dried eggs were placed into styrofoam rings
floating on the water surface of rearing trays. Water levels in larval rearing trays were kept shallow, and
temperature was maintained with heat tapes at ca. 28°C. Larvae were fed once a day on a slurry
containing a 3:1:1:1 mixture of guinea pig chow, liver powder, yeast and hog chow. Pupation began on
the 7th day after egg hatch, and pupae were harvested on the 8th, 9th and 10th days; ca. 1.700 pupae
were harvested/tray. Adults emerged from 85% of the pupae, and about 40%/ were female. Individual
males held in gallon-sized containers inseminated as many as 10 females. Although most sugar-fed males
died within 2 weeks after emergence, over 35% of sugar-fed females survived for 3 weeks. Colonies were
maintained on defibrinated bovine blood provided in natural membrane prophylactics. There were no
significant differences in the number of blood-fed females or in the number of eggs they produced when
mosquitoes were offered either guinea pigs or defibrinated bovine blood. Eggs were collected in plastic
cups placed in cages. There was less than 6%/- mortality of eggs when these were dried and stored at 10°C
for 6 days.

INTRODUCTION manus Wiedemann and An. quadrimaculatus
Say (Dame et al. 1974, 1978; Bailey et al. 1978,

Anopheles reeborni Aitken is a member of the 1979a, 1979b, 1980a, 1980b, 1980c; Fowler et al.
North American Maculipennis Group and is 1980, Savage et al. 1980). The technology devel-
found west of the Rocky Mountains (Carpenter oped has made possible the continuous provisionand La Casse 1955). It is a major pest in certain of large numbers of mosquitoes for various re-

areas, primarily in irrigated lands, and was once searh projes at the foL T proseo
the ostimpotan vetor f mlari onthe search projects at the IAMARL. The purpose of

the most important vector of malaria on the this project was to develop mass rearing meth-
West coast. Because of its relatively high ratesfor An. freeborni.
of infection with various strains and species of
human malarial parasites (Burgess and Young
1950; Collins et al. 1964, 1973a, 1973b, 1977, MATERIALS AND METHODS
1981), An. freeborni has been the preferred do- Rearing facility: A rearing room was estab-
mestic species in malaria research. lished in the quarantine unit of the Florida

Techniques for rearing An. freeborni have Department of Plant Industry in Gainesville.

been published by Hardman (1947), Depner and The room was equipped with a humidifier and

Harwood (1966), Miura (1970) and Gerberg heating system to provide a RH of 70-80 and

(1970); laboratory observations on develop- a temture of 70-800 C Ag d
mental biology we .re described by Northrup and a temperature of 25-27C. A 12:12 light:dark

aliol w1981).eir esciu and (LD) cycle was maintained, and a timed 4-watt
Washino (1981). Their techniques, and the night light provided a 2-hour crepuscular period.
methodology presently used at several research Four metal racks, each capable of holding 20
institutes in the US, are laborious, imprecise plastic rearing trays (51 x 38 X 8 cm), were

nd concerned with producing relatively' small housed in 2 cabinets that had clear plastic slid-
numbers of mosquitoes for laboratory tests. The ing doors. The cabinets helped maintain a con-
current study, made possible by funding from stant water temperature in the larval holding
the U.S. Army Medical Research and Develop- trays, reduced evaporation of water from trays
ment Command, was conducted to develop tech- and inhibited access to the trays by loose mos-
niques for mass production where time, labor quitoes. To control the water temperature. elec-
and expense can be limiting factors. An exten- trical heat tapes. held in place with plastic clips
sire amount of research has been conducted at (Dame et al. 1978). ran the length of each shelf
the USDA, Insects Affecting Man and Animals of each rack and were controlled by Zipcon'
Research Laboratory (IAMARL), Gainesville, variable temperature controllers.
FL, on the mass rearing technology of An. albi- Adults: Adults were held in 61 x 61 x 61-cm

aluminum-frame screened cages with tubular

Mention of a commercial or proprietary product sleeving attached to one side. The bottom and
in this paper does not constitute an endorsement of top of each cage was covered with white For-
this product by the United States Department of mica' to facilitate cleaning. Two feeding ports
Agriculture. located on the top panel )Bailey et a). 1978)
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made it possible to provide sugar and blood the other group fed through a prophylactic mem-
without placing hands or arms in the cage. Cot- brane containing defibrinated bovine blood.
ton soaked in a 10% sugar solution was provided Blood-fed individuals were isolated in individual
3 times a week. vials containing water; the number of eggs laid

Mass rearing techniques were developed using and percentage hatch were recorded. A 2nd rep-
a strain of An. freeborni obtained from Robert licate of this study also included a comparison
Washino, University of California, Davis. !'his with whole human blood.
Davis strain, originated from mosquitoes col- Egg drying and storage: Eggs were collected
lected in the Sacramento Valley, had already by placing plastic cups in the cages. Eggs depos-
been maintained for ca. 2 years as a laboratory ited the previous night were washed through a
colony prior to our investigation. The mass rear- screen into an enameled pan to remove any dead
ing methodology developed for the Davis strain adults. The eggs were incubated then for ca. 24
was tested on a 2nd strain of An. freeborni, hr at a water temperature of 28°C. To standard-
established from the eggs of 52 field-collected ize the number of larvae per tray, eggs were
females from Benton County, WA. The Wash- dried and volumetrically measured in the man-
ington strain was in its 6th generation at the ner described by Dame et al. (1978). Since drying
time of our mass rearing tests. might affect egg hatch, the hatch of 10 samples

To facilitate colony establishment and main- of 800 eggs that had been dried was compared
tenance, the mating behavior of virgin males to that of 10 nondried samples from the same
and females was investigated by combining 50 day's egg batch.
pairs of the following individuals in gallon-sized The ability to dry and store eggs makes it
containers with screen tops: (1) teneral females unnecessary to collect eggs daily, allows easy
and males; (2) teneral females and 5-day-old shipment and provides for an emergency stock-
males; (3) 5-day-old females and 5-day-old pile. The effect of storage on egg hatch was
males; and (4) 5-day-old females and teneral tested at -20, 5, 10, 15 and 26°C. Eggs from the
males. There were 16 replicates. Every day, 5 same day's batch were divided into samples of
females were removed from each container and ca. 800 and placed in individual plastic Eppen-
their spermathecae examined for the presence dorfmicrocentrifuge tubes (1.5-ml). Thirty sam-
of spermatozoa. pies were stored at each temperature, with 10

To test whether individual males would in- replicates at 5, 10 and 15'C and 4 replicates at
seminate multiple females and copulate in the -20 and 26°C. Three samples of eggs from every
absenc.. of swarming, single virgin teneral males batch were allowed to hatch immediately as
were placed in gallon containers with 1, 5 and controls in styrofoam cups containing 50 ml of
10 virgin teneral females; female spermethecae an infusion made by adding 0.02 g of a 1:1:1
were dissected when males died. mixture of liver powder, yeast and hog supple-

Blood feeding: Initially, our mosquito strains ment to 75 ml water; the infusion was strained
were fed on restrained guinea pigs or on human through organdy cloth to remove large particles.
arms. Once each strain was established in large Thereafter, 3 samples of eggs were removed from
numbers, bovine blood was tested as an alter- each treatment every 3 days. Percentage hatch
native bloodmeal. Bovine blood was obtained was determined by examining 300 eggs from
weekly or biweekly from a local slaughterhouse, each sample at 10X magnification; hatched eggs
immediately defibrinated mechanically and re- were distinguished by their collapsed chorions
frigerated at 2-5'C. Mosquitoes were fed and opened operculums. Since the percentage
through preprocessed natural membrane pro- hatch for controls varied between replicates.
phylactics in the manner described by Bailey et Abbott's (1925) correction formula was em-
al. (1978). ployed prior to the analysis of variance.

To test the acceptability of the membrane Various concentrations of glycerol and di-
system in terms of feeding preference, 3 groups methylsulfoxide (DMSO) were tested for their
oc 25 six-day-old female mosquitoes were fed for effects on the storage of frozen 1st instar larvae
15 min on the shaved bellies of restrained guinea and dried eggs. Mosquitoes were also allowed to
pigs, and 3 other groups were fed on membranes deposit their eggs on water containing different
containing 100 ml of defibrinated bovine blood. concentrations of both substances, and the eggs
Guinea pigs, cages and membranes were com- were stored at -20"C in microcentrifuge tubes.
pletely randomized in 9 replicates conducted on Larval rearing: Larval rearing tests were con-
9 separate days; on 2 of these days only 4 cages ducted on the effects of the type and quantity
were used, and on one day, 5 cages were used. of food, volume of water and density of larvae.
Egg production of caged females fed on either The types of foods tested were Agway and
guinea pigs or defibrinated bovine blood was Gaines dog food (defatted), hog supplement.
compared using 2 groups of 35 6-day-old fe- guinea pig and fish chow (Ralston Purina Co.),
males. One group was fed on a guinea pig and desiccated hog liver powder and brewer's yeast
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(ICN Pharmaceuticals Inc., Cincinnati, OH). Table 1. Mean number (±SD) of eggs and percentage

The dog food, hog supplement, guinea pig and hatch for females fed on guinea pigs (GP).
fish chow were sieved through a No. 50 sieve. defibrinated bovine blood (DEF, and a human arm

Food was provided to each rearing tray in the (H UM).

form of a surface dust or as a slurry which was Replicate Blood n No. eggs 'i hatch
mixed into the rearing water. The following I GP 20 122.7 ± 29.6a' 69.7 ± 22.0a
criteria were used individually or collectively to DEF 17 104.3 ± 36.0a 67.5 ± 29.7a
judge the effectiveness of the various rearing
techniques: time for development, number and II GP 36 154.8 ± 53.1b 96.0 ± 7.4h
size of pupae, percentage adult emergence, adult DEF 23 148.7 ± 50.6b 95.3 ± 3.7h
longevity and sex ratio. HUM 24 137.8 ± 46.7b 97.8 ± 2.6b

All larvae were reared in plastic trays (51 X Means in the same column followed by the same
38 x 8 cm) with tap water that was not dechlo- lower case letter are not significantly different (P
rinated. Larval densities that were tested ranged 0.0.5.
from 2,000 to 5,000 individuals per tray. Pupae
were harvested by using the cold water tech- S _
nique of Weathersby (1963) as modified by Haz-
ard (1967). The pupae were counted, and sam-
ples of 100 individuals from each tray were sexed 80
and weighed on days of maximum pupation.
Prior to weighing, pupae were surface-dried by 60
blotting with tissue paper. Daily harvests of
pupae were put into plastic cups with clean ,
water and placed in emergence cages. Plastic 40

funnels over the cups prevented females from 'd
laying their eggs in the pupal cups but allowed 2o
emerging adults to escape. Samples of 100 pupae
from 32 of the rearing trays were used to check 0
percentage emergence and adult longevity. The 1 2 3 4 5 6 7
length of time necessary for adults to emerge DAYS
from pupae was determined by observation of 6 Fig. 1. Percentage of teneral and 5-dav-old females
groups of 50 pupae of each sex drawn from a inseminated over time when combined with teneral
day's batch of pooled pupae and allowed to and 5-day-old males. Asterisks, 5-day-old individuals
emerge in gallon-sized containers with screen of both sexes squares, teneral males with 5-day-old
lids. females; triangles, teneral females with 5-day-old

RESULTS males: circles. teneral males with teneral females.

Both strains of An. freeborni fed readily on were inseminated within 24 hr. These observa-
defibrinated bovine blood contained in natural tions suggest that the absence of any mating
membrane prophylactics. Defibrinated blood among teneral mosquitoes during the first 2 days
could be stored at 0-5°C for 10 days before postemergence is due in part to the behavior of
mosquitoes refused to feed on it. The mean both males and females. We also found that
number of females that blood-fed when offered when teneral males and females were caged to-
either a guinea pig or defibrinated bovine blood gether and offered a blood meal on the 3rd day
was identical: of 51 cages of mosquitoes tested. postemergence, the rate of insemination did not
a mean of 15.0 ± 4.5 and 15.5 ± 3.1 females per change in comparison with tenerals that were
cage (25 females/cage) took bloodmeals from not offered a blood meal. The genitalia of teneral
guinea pigs and membranes, respectively. Fur- males were observed (n = 35) to rotate fully in
thermore, females that fed on defibrinated blood ca. 20 hr at 25°C. Genitalia rotated 180' in a
produced as many eggs with a similar hatch clockwise or counterclockwise direction with ap-
percentage as those fed on guinea pigs or human parently equal frequency: 26 of 58 individuals
blood (Table 1). rotated clockwise. Single males copulated with

Among teneral mosquitoes of both sexes, in- the females placed in gallon-sized containers
semination did not occur until the 3rd day pos- and inseminated up to 10 females (Table 2).
temergence (Fig. 1). When teneral individuals Females usually laid their eggs on the 3rd or
were caged with 5-day-old mosquitoes of the 4th day after blood-feeding. The eggs were de-
opposite sex, spermatozoa were found in 20- posited on water contained in black or white
40% of the females within 24 hr. On the other plastic cups of various sizes. After a 24-hr inco-
hand, when 5-day-old mosquitoes of both sexes bation period, eggs were dried and dispensed
were caged together, almost 90e7 of the females into trays using the techniques described h,
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Table 2. Inseminations by single males placed with 1, 100
5 or 10 virgin females in individual gallon-sized

containers (10 replications).

Inseminations s 26 1 5

No.No. 60 t

females Total Range 7

1 5 0-1 50 Z 40

5 23 0-4 46
10 49 1-10 4920

Dame et al. (1978); we did not, however, find it 0
necessary to hatch the eggs in small cups with 0 3 6 9 12 15 IS 21 24

infusion water before adding the larvae to large DAYS

trays. Rather, dry eggs were sprinkled into 5- Fig. 2. Percent mortality of dry eggs stored at 5, 10,
cm-diam styrofoam rings floating in each tray. 15 and 26°C. All mortality values were transformed
Crowding encouraged hatch synchrony (Dame using Abbott's formula.
et al. 1978). We estimated that there were 783
± 56 dry eggs in a volume of 0.01 ml. Egg hatch Table 3. Daily diet and stage of development under
for dried eggs (83 ± 3%) versus nondried eggs standardized rearing procedure.
(85 ± 4%) was not significantly different (P <
0.05), nor did we notice any reduction in hatch Day Diet (g) Stage

or increase in larval mortality after we began 1 0.1 dust eggs
drying eggs routinely. 2 0.0 hatch

Attempts to store eggs at -20°C for any length 3 0.5 in 50 ml larvae

of time, whether dry or in various concentrations 4 0.5 in 50 ml larvae

of glycerol and DMSO, were not successful. Dry 5 1.5 in 100 ml larvae

eggs could be stored, however, at temperatures 7 2.0 in 100 ml larvae

above 0°C (Fig. 2). Mortality of dried eggs stored 8 2.5 in 100 ml larvae
for 6 days at 5, 10 and 15°C ranged from 2.1 to 9 1.0 in 100 ml pupation
11.7%. Mortality was not significantly different 10 0.5 mixed in 1st pupal pick
at these temperatures during the first six days 11 0.5 mixed in 2nd pupal pick
of storage, but thereafter mortality for eggs 12 0.0 3rd pupal pick
stored at 10C was consistently and significantly
lower (P = 0.05). Even after 18 days of storage
at 10°C, percentage mortality was only 67.4. development. With this approach to feeding the
Eggs stored at room temperature for 24 h (26°C) larvae, it is particularly important that tray
survived remarkably well, but none hatched bottoms be uniformly flat and that the shelves
when stored for more than 2 days. on which they sit be adjusted with a level. Oth-

When An. freeborni larvae were reared with erwise, food collects in the deeper portions of
amounts of water and types of diets identical to the trays, becomes inaccessible to larvae and
those used for mass rearing An. albimanus eventually fouls the water.
(Dame et al. 1978) and An. quadrimaculatus at The diet that produced the least amount of
1AMARL, the water became clouded, and all fouling of water was a mixture of 3 parts guinea
larvae died. We observed that all larval instars pig chow to 1 part each of liver powder, yeast
of An. quadrimaculatus and An. albimanus in and hog chow. When trays were set on the 1st
colony at IAMARL feed on the bottom as well day with dried eggs, 0.1 g of food was dusted on
as on the surface, whereas only 1st instar An. the water surface (Table 3). Thereafter, the food
freeborni will leave the water surface to feed-on was combined with a given amount of water in
the bottom. Because this behavior appeared to a slurry and mixed into the rearing water. On
be related to the ability of An. freeborni to adapt the 10th and 11th days, 0.5 g was added to the
to the slurry feeding technique, the depth of the surface as a dust and then mixed into the water
water in trays was reduced to give larvae access by shaking the tray back and forth a few times.
to food settled on the bottom without leaving With 0.05 ml of dried eggs (3.917 ± 280), 500 ml
the water surface. Of the various water levels of initial water/tray and a total of 11.5 g of food,
tested, we found that an initial amount of 500 an average of ca. 1,700 pupae/tray was produced
ml/tray supplemented with additional water at from 49 trays (Table 4). Stocking the trays with
each daily feeding (Table 3) allowed larvae to fewer or more eggs and with the same proportion
graze on tray bottoms throughout most of their of food per lai va generally led to larger and less
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Table 4. The mean number, weight (in mg per 100) and sex ratio of pupae harvested on 3 consecutive days
under standardized rearing procedures. There are 2 replicates with a strain from California and one with a

strain from Washington.

Pupae

1st 2nd 3rd

Strain Trays hatch No. Wt. %7y No. Wt. 79 No. Total

Cal 1 19 87a* 562b 341a 30a 831a 308b 54h 379a 1.772a
Cal I1 18 83b 794a 328b 33a 695b 3051) 61a 302a 1,790a
Wash 12 82b 455b 368c 29a 795ab 341a 56ab 399a 1,649a

Means in the same column followed by the same lower case letter are not significantly different (P = 0.05).

numerous pupae or smaller and more numerous Table 5. Mean percentage I±SD) emergence of
pupae, respectively, adults per day: all pupae were between 0-24 h old

Pupae first appeared on the 7th day after egg and divided into 6 groups of 50 individuals/sex.
hatch and were harvested on the following 3 Cl emergence/day
days (Table 3). Thereafter, the number of indi- Total _ _ _

viduals pupating dropped further and was not Sex n emergence 1 2 3
very synchronous. Males develop faster than M 300 94.3 ± 3.2 0.7 ± 1.1 67.2 ± 6.9 100

females and account for the skewed sex ratio of F 300 94.0 ± 4.6 0.4 ± 0.9 59.1 ± 6.5 100

pupae on each day they were harvested (Table
4). There did not, however, appear to be any
difference in the duration of development be- too

tween male and female pupae (Table 5). There
were no significant differences in the total num- S0
ber of pupae harvested for each replicate of
larval rearing or between 2 strains of An. free-
borni. The mean weight per 100 pupae was well 60
over 300 mg, and over 40% of all individuals (n
were female. Adults emerged from 85% of the - 40
pupae (n = 3,200). Thirty-five percent of the U

adult females, fed only on sugar water, survived cc
for 3 weeks (Fig. 3). Males held in the same 20
manner, however, were much shorter lived; only
10% survived for 2 weeks. 0

1 2 3

WEEKS
DISCUSSION Fig. 3. Percent survival of adult female and male

Hundreds of tests were conducted in which Anopheles freeborni fed on sugar water (male, cross-

larval densities and nutrition were varied before hatch: female. olidi.

an acceptable diet was established. Dusting fine
particles of food on the water surface of larval increased demand. Furthermore, the demand for
rearing trays has been a standard method for food increases as the larvae develop into later
maintaining anophelines, including An. free- instars. Consequently, high densities of larvae
borni. This technique, however, proved to be can be maintained on a surface dusting regime
unsatisfactory for mass rearing technology for only by adding small quantities of food several
several reasons. First, the amount of food that times a day. Invariably, much of the food settles
can be added to a tray is limited by the surface to the bottom of the tray and fouls the water. It
area of the water and the layer of food that has been our experience that as soon as the
larvae can tolerate. If too much food is added, rearing water shows signs of becoming cloudy,
the larvae cannot penetrate the layer and will the larvae usually die or are delayed in their
suffocate. Furthermore, bacteria and yeast can development.
quickly form a scum on the surface which can After 3 harvests of pupae per tray, our rate of
also kill larvae. When larval densities in a tray recovery from 1st instar larvae was between 51-
are low, the amount of food allowable on the 55%/: this rate is comparable to the total recovery

surface is usually enough to avoid starvation. At rates obtained by Hardman (1947) (58%r) and
higher larval densities, however, the same sur- Northrup and Washino (1981) (52'( .Consoli-
face area cannot provide enough food for the dation of remaining larvae after the 3rd harvest
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of pupae (see Fowler et al. 1980) could further need to be subdivided as larvae mature; high
increase the yields of pupae per tray. Further- densities of larvae can be maintained, and larvae
more, our rearing technique makes it possible to are fed only once a day. Adults can be main-
raise larvae at 7-times the densities reported by tained on defibrinated bovine blood, thus elim-
Hardman (1947) and with almost half the de- inating the need to keep live animals.
velopment time. Although larval densities could
be further increased by adding more eggs to each
tray, we found that overcrowding had the tend- ACKNOWLEDGMENTS
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DEPARTMENT OF THE ARMY
WALTER REED ARMY INSTITUTE OF RESEARCH

WALTER REED ARMY MEDICAL CENTER

WASHINGTON, D.C. 20307

IN REPLY REFER TO:

I Dec 86

Mr. Gary Fritz
3103 McCarty Hall
Entomology Department
University of Florida
Gainesville, FL 32611

Dear Gary:

Here are the figures for the third batch of comparative feeds.
I let you down more than a little on this series as I don't have
as much information as I should have. We did do 4 feeds with
Anopheles stephensi and the Davis An. freeborni (which I have
been labelling GAINS in my letters to you) but unfortunately no
distinction was made between the two species-rwhen counting
oocysts for 2 of the 4 feeds.

First fig. is no. of infected mosquitoes per no. of mosquitoes
dissected and in parenthesis are the no. of oocysts counted.

30 Oct 86

WRAIR stephensi Total fed 291
3/9 (54,3,1)

GAINS freeborni Total fed 80
4/6 (23,2,14,8)

31 Oct 86

WRAIR stephensi Total fed 142
1/10 (3)

GAINS freeborni Total fed 65
3/7 (4,2,1)

The best feeds, of course, were the last two in which probably
9/10 if not 10/10 of both mosquito species became infected. But
I just don't have individual data for them.

As for sporozoite numbers, the 2 Oct 86 feed was as follows:

WRAIR stephensi 300,000 sp/20 mosq. = 15,000/mosq.

GAINS freeborni 87,000 sp/13 mosq. = 7,000/mosq.



First fig Is no, of inf mosq per no of mosq dissected and In

parens are no of oocysts counted.

28 Jul 29 Jul 30 Jul 31 Jul

WRAIR freeborni 1/6 (4) 2/6(3,1) 2/6(?) ND
stephensi 0/7 0/5 0/6 ND

GAINS freeborni 1/6(1) 0/6 0/6 ND

Sporozoite numbers were +2 - +4 for WRAIR freeborni and +2 for
GAINS freeborni.

30 Sep 86

WRAIR stephensi Total fed 282
8/9 (37,5,6,31,13,5,10,3)

GAINS freeborni Total fed 160
6/8 (50,20,49,27,32,7)

1 Oct 86

WRAIR stephensi Total fed 220
3/10 (1,1,2)

GAINS freedorni TotalI fed 163
3/8 (8,2,14)

2 Oct 86

WRAIR stephensi Total fed 400
10/10 (2,11,11,47,16,60,23,37,24,25)

GAINS freeborni Total fed 57
4/8 (1,15,20,1)

3 Oct 86

WRAIR stephensi Total fed 417
5/9 (4,3,3,1,2)

GAINS freeborni Total fed 33
1/6 (7)

30 Oct 86

WRAIR stephensi Total fed 291
3/9 (54,3,1)

GAINS freeborn! Total fed 80
4/6 (23,2,14,8)

31 Oct 86

WRAIR stephens! Total fed 142
1/10 (3)

GAINS freeborni Total fed 65
3/7 (4,2,1)



DEPARTMENT OF THE ARMY
WALTER REED ARMY INSTITUTE OF RESEARCH

WALTER REED ARY MEDICAL CENTER

WASHINGTON. O.C. 1030- SIM

iREPLY REFER TO:

7 Dec 87

Mr Gary Fritz
3103 McCarty Hall
Entomology Department
University of Florida
Gainesville, FL 32611

Dear Gary:

Here are the figures for the fourth batch of comparative feeds.
We only managed to do 3 feeds and neither the stephensi nor the
freeborni fed well on 2 of the 3 feeds. Nonetheless, did get
some results. First fig is no. of infected mosquitoes per no. of
mosquitoes dissected and in parenthesis are the no. of oocysts
counted.

18 Nov 87

WRAIR stephensi Total fed 33 no mortality/day 9
1/6 (2)

WABE freeborni Total fed 50 no mortality/day 9
1/6 (3)

20 Nov 87

WRAIR stephensi Total fed 293
7/8 (31,100+,15,100+,l,50+,20) 48 dead/day 9

WABE freeborni Total fed 122
7/8 (3,18,35,29,32,42,37) 20 dead/day 9

21 Nov 87

WRAIR stephensi Total fed 70
8/9 (15,50+,40,11,50+,21,4,15) 5 dead/day 9

WABE freeborni Total fed 19
3/8 (1,43,29) 3 dead/day 9

Sporozoite counts: 1 = 1-10 sporozoites/gland pr
(grade infection 2 = 11-100

only) 3 = 101-1000
4 = 1000+

(Numbers of falciparum sporozoites have been in short supply the
past few weeks, primarily because we haven't had sufficient



For the 30 Sep 86 feed:

WRAIR stephensi 270,000 sp/25 mosq. = 10,800/mosq.

GAINS freeborni 250,000 sp/20 mosq. = 12,600/mosq.

From that limited data, I would say both species are -more or less
equivalent in producing sporozoites since in the Oct 2 feed only
half as many freeborni as stephensi fed.

If anything, these particular freeborni as are susceptible, if
not more so, than the stephensi to the falciparum gametocytes
when juding by oocyst counts. One the debit side, however, in
comparing the two species, my personal opinion is that the
freeborni have two disadvantages: (1) they don't feed nearly as
well as the stephensi, at least in our system, even using the
condom membranes and (2) they are not as long lived as the
stephensi.

So, what would you like to do now? Amass more data or termi-
nate this part of your research. It's up to you.

erely

I ne chne ider, Ph.D.
Departme t of Entomology



DEPARTMENT OF THE ARMY
WALTER REED ARMY INSTITUTE OF RESEARCH

WALTER REED ARMY MEDICAL CENTER

WASHINGTON. D.C. 2O30--SIO0

NRIEPLY REr1EA TO:

1 Feb 88

Dr. Daniel L. Kline
Insects Affecting Man & Animals Laboratory
USDA-ARS
P.O. Box 14565
Gainesville, FL 32604

Dear Dan:

The week of February 28th for additional feeds should be fine
but as per usual will not know for a certainty until the week
before. We still have problems rearing adequate numbers of An.
stephensi on a consistent basis so a lack of mosquitoes from our
colony would be the only reason for deferring the feeds. I will
call you on the 25th to confirm all is well -- or the opposite.

"e;el yours,

Imogdne S hneider,-PhD
Depaitmen of Entomology



numbers of mosquitoes for the feeds. So instead of being able to
give you exact rumbers of sporozoites/gland this time around,

have only been able to give you the grade of gland infection(s)
which is/are placed in parenthesis).

18 Nov 87

WRAIR stephensi 1/4 (2)

WABE freeborni 1/4 (4)

20 Nov 87

WRAIR stephensi 2/5 (4,4)

WABE freeborni 3/5 (3,2,3)

21 Nov 87

%RAIR stephensi 4/5 (3,4,4,1)

WABE freeborni 1/4 (2)

Must say this strain of freeborni was impressively large and
those individuals that did feed through the Baudrauche membrane,
fed very, very well. I don't have the final mortality figures
but my impression is that they survived as well as the stephensi
or even surpassed them. If you are willing, I would suggest we
do at least one more and preferably 2 more comparative feeds
before we draw any conclusions. We have good numbers of cultures
going and all are producing adequate numbers of gametocytes so
we can accomodate feeding your mosquitoes whenever you or Dan
Kline are ready to hand carry or send more. Just give me about a
week's notice.

incerey your-

Imo enechneider, Ph1.
Department of Entomology



/ugh mosquitoes in any of the groups except the stephensi to
Aually come up with numbers of sporos/mosquito.

been very cooperative for the past few months. The .problem
may be that we inadvertently switched to a HEPES buffer from a
company other than the one we had used for many a year. If
that isn't the answer we may be struggling along for quite some
time yet.

Let me know if you want to continue further or terminate the
project with this last group. Frankly, since it's rather
difficult to coordinate the timing of our cultures and the
rearing of your mosquitoes, it may not be worth your while to
continue. Whatever you decide will be fine with me.

Sincerely yours,

Imogene S neider, PhD '
Department of Entomology

Copy to Dr. Ward



DEPARTMENT OF THE ARMY
WALTER REED ARMY INSTITUTE OF RESEARCH

WALTER REED ARMY MEDICAL CENTER

WASHINGTON. D.C. 20307-SIO

IN RfPLV REFER TO:

Ii Apr 88

Mr. Gary Fritz
3103 McCarty Hall
Entomology Department
University of Florida
Gainesville, FL 32611

Dear Gary:

Here are the figures for the last batch of comparative feeds.
Sorry to be so late in reporting the results. As I said over the
phone, we weren't able to feed until the Tuesday following the
arrival of the mosquitoes so that may have had some effect on the
subsequent infection rates. Anyway, we did a single feed using
all of the different isolates you brought.

First fig. is no. of infected mosquitoes per no. of mosquitoes
dissected and in parenthesis are the no. of oocysts counted.

9 Mar 88

WRAIR stephensi Total fed 360
9/14 (2,3,4,10,29,1,9,17,6)

FCCA F10 Total fed 38
2/8 (1,2)

FRES F5 Total fed 44
4/8 (2,4,1,2)

HIN F18 Total fed 69
7/14 (4,1,3,1,1,17,2)

WABE III Total fed 39
3/13 (5,1,1)

DF40 Total fed 16
1/2 (8)

DSIO F40 Total fed 76
7/16 (3,1,1,3,6,11,3)

We only managed to get sporo values from (1) stephensi, (2) HIN
F18 and (3) DSIO F40. They were (1) 6/10 +2,2,3,2,4,3; (2) 4/8
+2,3,3,2; and (3) 4/9 +1,2,2,2. Unfortunately, there weren't
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POLYTENE X CHROMOSOME NOT A VALID DIAGNOSTIC CHARACTER
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ABSTRACT. A polytene chromosome analysis was done of

Anopheles freeborni collected from 25 locations in north and

central California, and parts of Washington and Oregon. The X

chromosome banding pattern, thought previously to be specific to

An. hermsi, was common in mosquitoes collected from foothill

regions in California, and in all samples from Washington and

Oregon. At some of these locations, many mosquitoes were

heterokaryotypes for the inversion that distinguishes the X

chromosome of An. freeborni from An. hermsi. Use of a rDNA

probe, and the results from crossing of different strains bearing

either type of X chromosome, showed that An. hermsi does not have

a unique or diagnostic X chromosome. Anopheles hermsi was

collected in San Mateo County, California, which is now the

northernmost known limit of this species. Crossing studies, or a

rDNA restriction enzyme profile are presently the only means of

identifying An. hermsi.

INTRODUCTION

A new species of anopheline mosquito, Anopheles hermsi was

described recently by Barr and Guptvanij (1988). At present, An.

hermsi is thought to be limited to areas of southern California

south of the Tehachapi Mountains (Cope et al. 1988). This

species has also been implicated in recent autochthonous cases of

malaria in southern California (Maldonado et al. 1988 ). Prior

to 1988, mosquitoes now known as An. hermsi were thought to be a

coastal strain of Anopheles freeborni Aitken, (Aitken 1939,
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1945), a geographic variant of Anopheles occidentalis Dyar and

Knab (Lewallen 1957), or were suspected to be a new species

(Baker and Kitzmiller 1963, Fujioka 1986, Menchaca 1986).

According to the description of An. hermsi (Barr

and Guptavanij 1988), the only reliable means of distinguishing

individuals in this species from those of An. freeborni is by

examination of the banding pattern of the polytene X chromosomes;

the autosomes are identical (Baker 1965, Fritz 1989) or too

similar (Menchaca 1986) to be useful for distinguishing both

species and there are no reliable anatomical characters. Baker

and Kitzmiller (1963) first described the X chromosome of An.

hermrsi (then referred to as "southern occidentalis") and noted

tha- it had unmistaken homology with that of An. freeborni; both

types of X chromosome appeared to differ only by a single

invcrsion (In(X)A) at subzones 2B-5C (Baker 1965).

As a part of an ongoing study on the population genetics of

An. freeborni, we have examined the polytene chromosomes of

speimens collected throughout north and central California, and

parts of Oregon, Washington and Utah. The purpose of this

cyt,)genetic survey was to distinguish An. freeborni from An.

hernsi, record chromcsomal polymorphisms and use these

polymorphisms as genetic markers to determine population

structure and species distribution. In addition, we hoped to
detect additional cryptic species, since polytene chromosome

banding patterns are often different between closely related

anopheline taxa.
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Our initial survey showed that many samples collected in

northern and central California, and parts of Oregon and

Washington, had the X chromosome banding pattern described as

specific to An. hernsi. Furthermore, many mosquitoes at some of

these locations were heterokaryotypes (had 1 copy of the standard

X chromosome specific to An. freeborni and 1 copy of In(X)A).

The widespread occurrence of In(X)A homokaryotypes and the large

number of heterokaryotypes at some sampling sites raised some

important questions:

1. Was An. hermsi more widely distributed than thought

previously?

2. Were An. freeborni and An. hermsi really distinct species?

3. Were individuals of An. freeborni and An. hermsi mating with

one another in sympatric populations?

4. Was 1 species, both, or perhaps an unidentified 3rd species

polymorphic for In(X)A?

In order to answer these questions, we have crossed various

geographic strains having one or the other type of X chromosome.

According to Fujioka (1986), crossing An. freeborni to An. hermsi

will produce sterile hybrid male progeny. In addition, we have

analyzed rDNA restriction patterns, which were shown recently to

distinguish both species (Collins et al. 1990). We report here,

the frequency and distribution of both types of X chromosomes

found in our cytogenetic study (the complete results of the

cytogenetic survey of An. freeborni are being published

separately), the results obtained from crossing different
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strains, and the results of the analysis of rDNA restriction

patterns.

MATERIALS AND METHODS

Larvae and adults were collected during July-October 1988

from 25 different sites (Table 1, Figs. 1, 2). In California,

many areas throughout the Sacramento Valley were sampled as well

as locations in the foothills of the Sierra Nevada, the coastal

range, 2 locations in the Owens Valley, and 1 location near the

coast at Palo Alto. The techniques described by French et al.

(1962) were used to prepare the polytene chromosomes. Bloodfed

females were kept at 28'C for approximately 28-29 hours. Ovaries

were dissected in dilute Carnoy's and then transferred to 75%

acetic acid. Chromosomes, banding patterns, and inversions were

identified by preparing and using a photographic map made of the

best polytene chromosome preparations. This map was used in

conjunction with the description and map (ovarian nurse-cell

polytenes) prepared by Faran (1981). Furthermore, the Marysville

strain (which Faran used to prepare her map) was obtained from

Walter Reed Army Institute of Research and used as a standard for

comparing banding patterns.

rDNA probe: The rDNA of An. freeborni and An. hermsi have

restriction enzyme site differences in the external and internal

spacer regions (Collins et al. 1990). This diagnostic difference

was used to determine species identity in this study. In a blind

test, the rDNA of at least 3 individuals from each of 12
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collection sites in California, Washington and Oregon was probed

in the manner described by Collins et al. (1990). These sites

included those in which mosquitoes were polymorphic for the

inversion on the X chromosome, as well as those sites where

mosquitoes appeared to be fixed for either homokaryotype. Prior

to the rDNA analysis, the polytene X chromosome karyotype of each

female mosquito was determined. Samples of An. hermsi from 3

sites in southern California (courtesy of Stan Cope) were also

probed.

Crosses: Crosses were made between several geographic

strains presumed to be An. freeborni. One aim was to cross 2

widely separated geographic strains that also showed some habitat

and chromosomal differences. For this purpose, a strain from

Richland, Washington (WASH strain) was crossed to a strain from

the Sacramento Valley, Cal. (DAVIS strain). Mosquitoes in the

former site were polymorphic for In(X)A, an inversion hitherto

unknown in An. freeborni. The DAVIS strain was obtained at a

much lower elevation, and were not polymorphic for the inversion

(standard homokaryotype).

Three strains from California, which were fixed for one or

the other form of the inversion on the X chromosome, were also

crossed. These included: 1. The JASP strain (fixed for

In(X)A), collected at the Jasper Ridge Preserve just west of Palo

Alto and ca. 16 km from the coast; 2. The Lake strain (also

fixed for In(X)A), collected at the north end of Clear Lake in
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Lake County; 3. The DAVIS strain (standard homokaryotype),

already mentioned above.

All crosses except the parental crosses between the JASP,

LAKE and DAVIS were done by forced copulation (Baker et al.

1962). All other crosses were done by combining, in cages,

virgin mosquitoes of the same age and each sex in cages and

allowing them to mate freely. Bloodfeeding, handling of eggs and

all other rearing techniques were standardized and are described

in detail by Fritz (1989). Egg batches that did not hatch were

held for at least 6 days and checked for the presence or absence

of embryonic development. The spermathecae of females that laid

unhatched eggs were dissected to determine the presence or

absence of spermatozoa. At least 10 hybrid males from each cross

were checked for the presence of spermatozoa in the testes and

for normally developed genitalia.

All parental crosses and the backcrosses were compared with

one another and with controls for fertility and fecundity. The

polytene chromosomes of hybrid females were also checked for

banding pattern homology and the degree nf synapsis between

homologues.

Basic summary statistics of the data was done using SAS

(Statistical Analysis Software). A 1-way analysis of variance

(ANOVA) was used to compare mean values of the number of eggs

laid/female, the percentage of eggs hatched, the number of pupae

produced per egg batch, the number of adults emerging, and the

sex ratio.
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RESULTS

X chromosome: In California, all mosquitoes from the

Sacramento Valley (Table 2, Fig. 1) and the Owens Valley had the

standard X chromosome described by Kitzmiller and Baker (1963)

and Faran (1981) as that of An. freeborni. Samples from the

coastal mountain range or the foothills of the Sierra Nevada,

however, were either fixed for In(X)A (type of X chromosome found

in An. hermsi) or were polymorphic for the inversion (i.e.,

included heterokaryotypes). At Clear Lake (site 15), for

example, 8% of the mosquitoes sampled were heterokaryotypes. At

Onyx (site 19), the frequency of heterokaryotypes appeared to be

greater, but the sample size was too small to provide an accurate

estimate of karyotype frequency. Jasper Ridge (site 18) and

Camino (site 2), on the cther hand, were fixed for the inversion

karyotype. Another sample taken near Camino (site 3) was odd in

that 1 standard homokaryotype was found among 12 inversion

homokaryotypes.

All mosquitoes collected in Madras, Oregon (site 22) were

inversion homokaryotypes (Table 2, Fig. 2). As one proceeded

north into Washington, the frequency of the standard karyotype

increased. At Yakima (site 25), the standard X chromosome

karyotype reached its highest frequency of 0.90. The observed

frequencies of the homokaryotypes and heterokaryotypes in

Hermiston (site 23), Richland (site 24), and Yakima (site 25) did

not differ significantly from those expected under Hardy-Weinberg

equilibrium (Table 2).
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Crosses: In the series of parental crosses between the

DAVIS and WASH strains, no significant differences were observed

in fecundity, fertility and the percentage of adult emergence

(Table 4). The sex ratio (males/females) ranged from 1.07-1.48,

but none was significantly different (P>0.05). Although the 2

reciprocal crosses differed significantly from each other in the

mean number of pupae produced, neither cross differed from the

controls.

Backcrosses did not differ significantly from controls in

fecundity, fertility and percentage of adult emergence. The sex

ratio ranged from 0.91-1.36, but none differed significantly

(P>0.05). Ten of 12 backcrosses produced a significantly higher

percentage of pupae than controls; in effect, post-hatch

mortality was significantly lower among backcrosses. The

controls in the backcross series differed significantly from each

other in percentage pupation, although this difference was not

evident in the controls done during the parental crosses.

The testes of the hybrid F1 males were similar in appearance

and amount of sperm as those of controls, and all genitalia

appeared normal. The chromosomes of F1 hybrids synapsed equally

well as those of controls.

In the parental crosses between the LAKE, DAVIS and JASP

strains, the controls did not differ significantly from the

reciprocal crosses in fecundity, fertility, the percentage of

individuals pupating, and the percentage of individuals to emerge
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as adults (Table 5). The ratio of females to males was also not

significantly different among parental crosses (P<0.05).

All F1 hybrid males from crosses between the LAKE and DAVIS

strains had genitalia and quantities of sperm that were similar

to those observed in the controls. F1 hybrid males from crosses

between LAKE or DAVIS strains with the JASP strain, however, were

completely or partially sterile. When the male parent was from

the DAVIS or LAKE strain and the female was from the JASP strain,

the hybrid male progeny had no sperm in their testes. Although

the genitalia appeared to be normal, the testes were often

translucent and smaller than the controls. F1 hybrid males, from

crosses in which the female parent was from the DAVIS or LAKE,

had varying amounts of sperm in their testes. The amount varied

from none to quantities that looked near normal. In general, the

testes were filled with what appeared to be globular

spermatocytes and partially developed spermatozoa.

The results of the backcross series (Table 4) substantiated

the results obtained from the dissection of hybrid males. All

crosses involving hybrid males, in which the parental male was

from the DAVIS or LAKE, produced eggs that did not hatch. Nor

did the eggs contain any stage of embryonic development. In the

reciprocal crosses, mean percentage egg hatch was significantly

lower than that of the controls, and unhatched eggs also

contained no embryos.

There were no significant differences between controls and

backcrosses in the mean number of eggs laid/female. All hybrid
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females were fertile and had similar mean percentage hatch as

controls when bacKcrossed to either parental strain. Many of the

backcrosses had a mean percentage hatch that was higher than the

controls, indicating possible heterosis, but none of these

differences were significant (P>0.05).

The ovarian polytene chromosomes of hybrid progeny did not

differ from controls in the amount or degree of synapsis, or in

banding pattern. The X chromosomes of hybrids between the LAKE

and JASP strains (both fixed for In(X)A) synapsed completely.

All hybrids from crosses between the JASP or LAKE strains with

the DAVIS strain (fixed for the standard karyotype) were

heterokaryotypes

rDNA probe: Saroles of mosquitoes from 11 of 12 collection

sites in California, Washington and Oregon had the same

restriction enzyme fragment pattern regardless of their X

chromosome karyotype (Tatle 5). Mosquitoes from Jasper Ridge

(site 18), and those from 3amres of An. nermsi collected in

southern California, were the only individuals with a restriction

fragment pattern specific to An. herms!. No individuals were

found to have a restriction pattern that was a hybrid of that

found in An. hermsi and An. frcoborni.

DISCUSSION

In general, polytene X chromosomes are useful diagnostic

characters for distinguishing angng cryptic species of anopheline

taxa (Kitzmiller et al. 1967, Kitzmiller 1977). There are,
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however, exceptions to the distinctiveness of the X chromosomes.

For example, An. stephensi Liston and An. farauti Laveran have

homosequential X chromosomes, and other species are known to

differ in the frequency of a common polymorphic inversion

(Kitzmiller 1977). In this study, 3 kinds of populations were

found with respect to X chromosome karyotype: (1) Those fixed

for the standard X chromosome, (2) those fixed for In(X)A, and

(3) those with both types of X chromosome, including

heterokaryotypes. Within the Sacramento and Owens valleys in

California, all mosquitoes had the standard X chromosome

(Fig. 1). In contrast, samples from Oregon, Washington and the

foothill regions of the Sierra Nevada and coastal mountain range

in California were either fi5ed or polymorphic for In(X)A.

The results obtained from crossing different strains show

that sterility is independent of X chromosome karyotype. The

LAKE strain, for example, shares the same type of X chromosome

with the JASP strain (In(X)A homokaryotypes), but hybrid males of

these 2 strains are partially or completely sterile. On the

other hand, no sterile progeny were produced when the LAKE and

DAVIS strains were crossed, even though both were fixed for

different X chromosome karyotypes.

Unlike many examples among the Drosophila, as yet there are

no sibling species of anophelines that, when crossed, do not

produce some degree of sterility in the hybrid progeny. This is

true even when the species are homosequential in polytene

chromosome banding pattern. Anopheles atroparvus Van Thiel and
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An. labranchiae Falleroni, for example, are homosequential

species in the Palearctic maculipennis group and produce sterile

male hybrids (Bianchi 1968, Coluzzi and Coluzzi 1969).

The degree and cause of sterility between species varies

greatly, but it is generally true that post-zygotic barriers

exist between most sibling species of culicids (see reviews by

Kitzmiller 1953, Kitzmi]ler et al. 1967, Kitzmiller 1976, Narang

and Seawright 1990). In s'ich crosses eggs may not hatch, or

larvae may only reach a certain stage of development; sex ratios

can also be skewed, and adults can be malformed or sterile. In

crosses where adults are produced, it is almost always the males

that are sterile. Males may be sterile in only ! of the 2

reciprocal parental crosses or in both. Of the 30 possible

crosses between sibling species in the An. qambiae complex, all

but 2 produce sterile males (Davidson 1964, Davidson and Hunt

1973).

In this study, sterile hybrid progeny were produced only

when the JASP strain was crossed to either the LAKE or DAVIS

strains. The cause of sterility was due to a complete lack or

small quantity of developed spermatozoa in hybrid males. This

pattern of sterility is identical to that found by Fujioka (1986)

when he crossed An. hermsi to An. freeborni.

Cytoplasmic incompatibility between strains due to symbionts

(Barr 2980), or the movement of transposable elements do not

appear to offer good explanations for the sterility observed in

crosses of the JASP strain with the LAKE and DAVIS strains.
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Cytoplasmic incompatibility, as observed in natural populations

of Culex pipiens L., is maternally inherited and causes sterility

in the parental generation; in effect, the parental female

deposits an egg raft that generally fails to hatch.

Transposable elements can cause an effect termed hybrid

dysgenesis. Hybrid dysgenesis occurs when an individual from a

strain lacking a particular transposon (e.g., P element in

Drosophila) is crossed to a male from a strain having the

transposon. Therefore, dysgenesis occurs generally in just 1 of

the 2 reciprocal-cross hybrids. Hybrid dysgenesis is

characterized by substantially elevated rates of mutation,

chromosomal rearrangement and illicit recombination in males

(Drosophila). Dysgenic sterility in Drosophila is usually more

pronounced in females (Engels 1980).

Iin this study, as in that done by Fujioka (1986), sterility

was limited to males and was present in hybrids from both

reciprocal crosses. Furthermore, fecundity and fertility of

hybrid females was not significantly different from that of

controls, suggesting that massive disruption of germline genetic

and developmental integrity (characteristic of hybrid dysgenesis)

had not occurred. Consequently, genic differences between the

JASP strain and the LAKE or DAVIS strains, rather than

transposable elements and cytoplasmic incompatibilities, seem to

be the cause of sterility in hybrids.

Results from the rDNA probe are consistent with those of the

crossing study in assigning only the population at Jasper Ridge
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to the species An. hermsi. Mosquitoes collected at Jasper Ridge

were the only samples with the rDNA restriction fragment pattern

specific to An. hermsi.

The results of this investigation show that, contrary to the

description by Barr and Guptavanij (1988), the type of X

chromosome found in An. hermsi is not unique to this species.

Rather, this karyotype is also found in mosquitoes throughout the

foothill regions of north and central California, and in parts of

Oregon and Washington.

It is unclear whether these foothill mosquitoes are better

classified as An. freeborni or a new species altogether. In

Oregon and Washington, both X chromosome karyotypes are present

in Hardy-Weinberg equilibrium. Alternatively, in California,

Hardy-Weinberg equilibrium with respect to X chromosome karyotype

does not appear to be the rule. The collection of 1 standard

homokaryotype among 12 inversion homokaryotypes in site 3 (Table

2), and similar results from recent collections (unpublished

data) suggest some degree of reproductive isolation between both

X chromosome karyotypes. However, since there is no hybrid

sterility or rDNA restriction pattern difference between An.

freeborni collected in the Central and Owens Valleys compared to

those mosquitoes collected in foothill regions, we are, at

present, considering them as simply ecotypes of 1 species.

The results from this study support the specific designation

of An. hermsi. Furthermore, An. hermsi was not found to be

sympatric with or hybridizing with An. freeborni at any of the



17

locations sampled in this study. However, since An. hermsi does

not have a unique X chromosome, the only way to identify this

species reliably is by use of a rDNA probe or by crossing

studies.

Prior to this study. An. hermsi was known only as far north

as Santa Maria, San Luis Obispo County (Cope et al. 1988). It is

now apparent that this species extends up the California coast as

far north as San Mateo County, and probably further. Bailey et

al. (1972), for example, reported collecting An. freeborni near

San Pablo Bay and along the Russian River near Healdsburg (Sonoma

Co.). Since both sites are near the coast, it is probable that

these mosquitoes were actually An. hermsi.
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Table 1. Collection site number and location for samples
of Anopheles freeborni collected in California, Oregon and

Washington.

Site # Location

California

1 Nevada Co., Wolf Creek & Highway 49
2 El Dorado Co., Camino, Carson Rd
3 El Dorado Co., Pleasant Valley Rd
4 Sacramento Co., Sloughouse
5 Sacramento Co., Folsom
6 Sutter Co., Highway 99 & Howsley Rd
7 Yolo Co., Capay Valley, Guinda
8 Yolo Co., Knights Landing
9 Colusa Co., Millers Landing
10 Colusa Co., Higway 20 near Williams
11 Sutter Co., west of Yuba City on Butte House Rd
12 Butte Co., Chico
13 Tehama Co., Tehama, Gyle Rd.
14 Glenn Co., east of Willows on Higway 162
15 Lake Co., Clear Lake
16 Sonoma Co., Sonoma, Huichica Cr.
17 Sacramento Co., Highway 99 & Twin Cities Rd
18 San Mateo Co., Jasper Ridge Preserve on Sand Hill Rd
19 Kern Co., Onyx, Canebrake Creek
20 Inyo Co., Big Pine
21 Inyo Co., Bishop

Oregon

22 Jefferson Co., Madras
23 Umatilla Co., Hermiston

Washington

24 Benton Co., Richland
25 Yakima Co., Yakima
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Table 2. The observed (o) and expected (e) numbers of standard homokaryotypes
(S/S) inversion homokaryotypes (I/I) and heterokaryotypes (S/I) for an inversion

on the X chromosome of Anopheles freeborni collected from various sites in
California, Oregon and Washington.

Chromosome X

Freq.
S/S S/I I/I

Site* n o e o e o e Chisq. S I

1 1 1 - 0 - 0 - - 1.00 0.O0
2ab 27 0 0 0 0 27 0 0 0.00 1.00
3ac 13 1 0.08 0 1.85 12 11.08 12.51 0.08 0.92
4 9 9 9 0 0 0 0 0 1.00 0.00
5 2 2 - 0 - 0 - - 1.00 0.00
6 50 50 50 0 0 0 0 0 1.00 0.00
7 3 3 - 0 - 0 - - 1.00 0.00
8 22 22 0 0 0 0 0 0 1.00 0.00
9 35 35 35 0 0 0 0 0 1.00 0.00
10 50 50 50 0 0 0 0 0 1.00 0.00
11 22 22 22 0 0 0 0 0 1.00 0.00
12 27 27 27 0 0 0 0 0 1.00 0.00
13 44 44 44 0 0 0 0 0 1.00 0.00
14 50 50 50 0 0 0 0 0 1.00 0.00
15b 60 0 0.01 5 4.56 55 55.20 0.04 0.04 0.96
16 1 - - - - 1 - - 0.00 1.00
17 16 16 16 0 0 0 0 0 1.00 0.00
18a 41 0 0 0 0 41 41 0 0.00 1.00
19 4+  0 - 3 - I - - 0.38 0.62
20 9 9 9 0 0 0 0 0 1.00 0.00
21 2 2 - 0 - 0 - - 1.00 0.00
22ab 15 0 0 0 0 15 15 0 0.00 1.00
23c 47 6 3.61 14 18.83 27 24.57 3.06 0.28 0.72
24d 73 26 27.73 38 34.46 9 10.73 0.75 0.62 0.38
25e 50 41 40.50 8 9.00 1 0.50 0.62 0.90 0.10

* Sample sites followed by the same letter do not differ significantly in

frequencies of S/S, S/I and I/I (homogeneity Chi-Square P=0.05).

+ Includes 2 females collected by Stan Cope.
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Table 3. The mean number of eggs laid/female, percent hatch,
percent pupation, and percent emergence of adults of crosses made
between the DAVIS strain (D) and the WASH strain (W) of Anopheles
freeborni. The first letter of each cross represents the female
parent. Means in the same column and experiment, followed by the
same letter, are not significantly different (E>0.5). Separate

ANOVAS w~ere done for each experiment.

EXPERIMENT 1

Parental Crosses and Controls

Eggs/!
Cross N female Hatch Pupation Emergence

W X W 17 131a 70.2a 61.3ab 89.3a
D X D 17 135a 78.9a 64.1ab 92.7a
W X D 19 140a 72.4a 51.9b 92.2a
D X W 18 126a 66.3a 74.1a 92.5a

EXPERIMENT 2

Backcrosses and Controls

Eggs/%%%
Cross N female Hatch Pupation Emergence

D X D 10 lllab 95.4a 62.4ef 93.9ab
W X W 9 125ab 96.4a 31.5g 94.9ab
DW X D 10 97b 93.1a 83.labc 90.3ab
DW X W 10 153a 77.5a 83.2abc 91.3ab
DW X DW 10 125ab 81.4a 81.7abc 89.8ab
D X DW 9 12Oab 92.7a 79.5abcd 87.4b
W X DW 10 129ab 90.9a 92.8a 92.2ab
WD X W 9 138ab 92.9a 81.9abc 93.9ab
WD X D 9 148ab 95.Oa 83.5abc 94.lab
WD X WD 10 153a 94.9a 87.Oab 91.3ab
W X WD 10 128ab 84.4a 66.Bcdef 92.4ab
D X WD 9 152a 93.7a 75.6abcde 90.7ab
DW X WD 10 93b 93.4F 90.8ab 96.2ab
WD X DW 10 141ab 76.1a 86.9ab 97.4a
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Table 4. The mean number of eggs laid/female, percent hatch,
percent pupation, and percent emergence of adults for crosses
made between the DAVIS (D), LAKE (L) and JASP (J) strains of

Anopheles freeborni. The first letter of each cross represents
the female parent. Means in the same column, followed by the

same letter, are not significantly different (P>0.05).
Separate ANOVAS were done for each experiment.

EXPERIMENT 1
Parental Crosses and Controls

Eggs/ % % %Cross N female Hatch Pupation Emergence

D X D 6 146ab 81.3a 73.9a 91.3a
J X J 9 ll9ab 64.2a 53.Oa 87.4a
L X L 5 ll8ab 79.6a 59.Oa 88.6a
D X L 3 93b 86.1a 73.9a lO0.Oa
D X J 5 159a 93.2a 80.4a 98.3a
L X D 4 156ab 76.4a 76.8a 87.9a
J X D 9 137ab 93.9a 71.2a 85.9a
J X L 9 126ab 82.2a 67.4a 89.9a
L X J 3 163a 87.5a 56.3a 81.8a
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Table 4. (Continued)

EXPERIMENT 2
Backcrosses and Cont rols

Eggs/ %Eggs/%
Cross N female Hatch Cross N female Hatch

D X D 5 94ab 78.59abcd JD X D 4 134a 99.1a
L X L 4 lO4ab 70.3abcd JD X J 6 94ab 62..2cd
3 X 3 6 lO0ab 55.lde L X LD 4 lO2ab 96.8ab
D X DJ 8 l2Qab 16.6f L X DL 5 142a 90.labc
DJ X DJ 6 142a 25.5ef LD X L 8 l2Oab 97.9ab
J X DJ 6 ll6ab 19.3f LD X D 4 ll8ab 98.5ab
J X LX 3 64b 30.6ef LD X LD 6 ll7ab 83.8abcd
L X LJ 3 ll9ab 3.3f D X DL 6 122ah 96.9ab
I X LJ 6 128ab 1O.Of J) X LD 5 98ai, 82.1abcd
D X JD 8 lO4ab O.Of DL X L 5 67b 74.7abcd
J X 3D 6 ll8ab O.Of DL X DL 4 ll3ab 96.2abc
3D X JD 4 122ab O.Of DL X D 4 141a 76.8abcd
L X JL 4 99ab O.Of JL X J 4 lQ7aiD 50.5ef
3 X J!, 4 95ab O.Of JL X L 5 lO5ab 72.7abcd
JL X JL 5 9Oab O.Of LJ X L 6 78ab 74.6abcd
DJ X D 6 97ab 95.2abc Li X 3 6 98ab 89.8abc
DJ X J 4 l2lab 95.1abc
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Table 5. Sample site, type of polytene X chromosome, and
the rDNA probe determination of species. F = freeborni type;

H = hermsi type; HF = heterokaryotype; - = Not scored.

X rDNA X rDNA
Site Chrom. probe Site Chrom. probe

2 H F 20 F F
2 H F 20 F F
2 H F 22 H F
6 F F 22 H F
6 F F 23 HF F
6 F F 23 F F

12 F F 23 H F
12 F F 24 HF F
12 F F 24 F F
13 F F 24 H F
13 F F 25 HF F
13 F F 25 F F
15 HF - 25 H F
15 H F 1003* H H
15 H F 1003 H H
18 H H 1063* H H
18 H H 1063 H H
18 H H 1063 H H
19 HF F 1074* H H
19 - F 1074 H H
19 - F 1074 H H

* Collections of Anopheles hermsi from southern California.
1003: Riverside Co., Rubidoux, Carlson Pk.
1063: Ventura Co., Piru Creek
1074: San Luis Obispo Co., Santa Margarita
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Figure Captions

Fig. 1. Frequency of the standard (white) and inversion (black)
karyotype for the X chromosome at various collection
sites in California.

Fig. 2. Frequency of the standard (white) and inversion (black)
karyotype for the X chromosome at various collection
sites in Oregon and Washington.
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INHERITANCE OF THE STRIPE TRAIT IN ANOPHELES

FREEBORNI

G. N. FRITZ. S. K. NARANG. D. L. KLINE AND J. A. SEAWRIGHT

U.S. Department of Agriculture, Agricultural Research Service, Insects Affecting Man and Animals Research
Laboratorv, P.O. Box 14565, Gainesville. FL 32604

The morphological marker stripe (St), which species.
appears as a broad, light, dorsal stripe in larvae The stripe character has been found in popu-
and pupae, has been reported for a number of lations collected from various locations in Cali-
anopheline species in the subgenera Anopheles, fornia and Washington. The strain of An. free-
Cellia and Nvssorhvnchus (Kitzmiller and Ma- borni used in this study originated from mos-
son 1967). Genetic studies on the inheritance quitoes collected in the Sacramento Valley,
mechanism of this trait are limited to only a few California. A homozygous stripe (St) isoline was
species. In An. albimanus Wiedemann (Geor- established by selecting and inbreeding only
ghiou et al. 1967, Rabbani and Seawright 176) those individuals which showed the greatest de-
and An. quadrimaculatus Say (Coggeshall 1941, gree of expression of the trait in successive gen-
French and Kitzmiller 1963), the stripe charac- erations. Each parental (stripe and nonstripe)
ter appears to have simple inheritance as an line was considered homozygous only after it
autosomal dominant over the nonstripe trait had bred true for at least 3 generations. Individ-
(st). Mitchell and Seawright (1984a) reported a ual females that were inseminated and blood-
red stripe St'd mutant in natural populations of fed were placed in plastic vials containing water
An. quadrimaculatus. Genetic crosses of red and filter paper linings. Eggs were allowed to
stripe with stripe and nonstripe showed these to hatch in the vials, and larvae were subsequently
be members of an allelic series. The Std trait is transferred to enamel pans. Larvae were reared
codominant with St. and both are dominant over in enamel pans (30 x 18 x 5 cm) and fed a
st. During the course of a study on the popula- 1:1:1:3 mixture of liver powder, yeast, hog chow
tion genetics of An. freeborni Aitken, we have and guinea pig chow. Adults were maintained in
seen many larvae and pupae that bear a similar gallon-size containers with screen-top lids and
white dorsal stripe. We also found much varia- provided with cotton soaked in a 10% sugar-
bility in the expression of stripe among individ- water so~ution. Control crosses and reciprocal
uals in laboratory culture; similar findings were parental crosses between stripe and nonstripe
reported by Rabbani and Seawright (1976) for phenotypes were done. The F, hybrids were
An. albimanus. crossed with each other (monohybrid crosses) as

Easily scored morphological markers are use- well as backcrossed to nonstripe parental types.
ful in linkage relationships and genetic mapping Fourth instar larvae were scored for the stripe
studies (French and Kitzmiller 1964, Narang character, and the sex of all pupae of each phe-
and Seawright 1982). There are no published notype was determined.
reports on the inheritance of morphological All the F, progeny from the reciprocal paren-
characters for An. freeborni. This study reports tal crosses (Table 1) had the stripe character.
on the results of crosses made to determine the When the F, progeny were inbred, the F, prog-
genetic basis of nonstripe and stripe in this eny from each cross produced stripe (Sf, and

Table 1. Summary of crosses showing that stripe (St) is a domiant autosomal trait in .4noph!., f/reehorni.
None of the chi-square values is significant at P = 0.05.

Cross Stripe Nonst ripe
No. _ _

Female x male families F M F M Total St Sex

1. st/st X St/st 5 0 0 195 172 367 1.44
2. St/St x St/St 4 166 135 0 0 301 3.19
3. St/St x st/st 4 142 117 0 0 /59 2.41
4. st/st x St/St 6 190 174 0 0 364 0.70
5. St/st x St/st 10 254 240 99 90 683 2.5o 0.77
6. st/St x st/St 5 156 150 61 -. 418 0.72 0.61
7. st/St X st/st 3 68 6:1 72 284 1.70 0.06
8. st/st X st/St 5 129 117 122 132 50 1 0.10 0.02
9. St/st X st/st 4 109 97 108 101 41, 002 0.87

10. st/st X St/st 4 81 87 i 9- 350 0.56 0.56
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nonstripe (st) individuals in a 3:1 ratio, respec- groups in Anopheles quadrimaculatus. Mosq. News
tively (P = 0.05). Backcrosses of St/st and st/St 24:32-39.
males and females to the st/st parental line also Georghiou, G. P., F. E. Gidden and J. W. Cameron.
produced the phenotypic frequencies expected 1967. A stripe character in Anopheles albimanus and
for a dominant St allele. In all instances, stripe its linkage relationships to sex and dieldrin resist-ance. Ann. Entomol. Soc. Am. 60:323-328.
segregated independently of sex. Kitzmiller, J. B., G. Frizzi and R. H. Baker. 1967.

All the results of the crosses are consistent Evolution and speciation within the Maculipennis
with the hypothesis that a dominant St allele is complex of the genus Anopheles, pp. 151-209. In: J.
located on 1 of the 2 autosomal chromosomes. W. Wright and R. Pal (eds.), Genetics of insect
The stripe locus has been located on chro- vectors of disease. Elsevier, New York.
mosome 2 (linkage group II) in An. (Cellia) Kitzmiller, J. B. and G. F. Mason. 1967. Formal ge-
stephensi Liston (Sakai et al. 1974) and on netics of anophelines, pp. 1-15. In: J. W. Wright
chromosome 3 (linkage group III) in both An. and R. Pal (eds.), Genetics of insect vectors of

disease. Elsevier, New York.(Nyssorhynchus) albimnanus (Rabbani and Sea- Mitchell, S. E. and J. A. Seawright. 1984a. A red stripe
wright 1976) and An. (Anopheles) quadrimacu- mutant and its relationship in an allelic series in
latus (Mitchell and Seawright 1984b). The latter Anopheles quadrimaculatus. J. Hered. 75:421-422.
is closely related to An. freeborni based on mor- Mitchell, S. E. and J. A. Seawright. 1984b. Chromo-
phological, chromosomal and crossing studies some-linkage group correlation in Anopheles quad-
(Kitzmiller et al. 1967), and it is probable that rimaculatus (Say). J. Hered. 75:341-344.
the stripe locus is located on the same chromo- Narang, S. and J. A. Seawright. 1982. Linkage rela-
some in both species. tionships and genetic mapping in Culex and Anoph-

eles, pp. 231-289. In: W. M. M. Steiner et al. (eds.),
Recent developments in the genetics of insect dis-
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